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        ABSTRACT: Fast-charging aqueous zinc-ion batteries (AZIBs) have advanced rapidly owing to their 

intrinsic safety, low cost and the longer Sand's time of divalent Zn2+, which can delay ion-depletion-
limited failure compared with monovalent Li+. Nevertheless, the divalent nature also imposes sluggish 
desolvation and interfacial charge-transfer kinetics, making fast zinc deposition highly susceptible to 
polarization, dendrite growth, parasitic reactions, and rapid capacity decay. Existing reviews mainly 
classify materials and strategies, whereas the field lacks a scale-resolved framework explaining where 
fast-charging failure originates, how it propagates and when it becomes irreversible. Here we propose a 
polarization-driven “three contradictions” framework for AZIBs, in which microscopic ion-electron 
transport mismatch generates polarization, mesoscale kinetics-uniformity conflict amplifies nonuniform 
deposition, and macroscopic electrochemical stability window (ESW)-limited rate-capacity trade-off 
converts accumulated overpotential into capacity loss and full-cell failure. By mapping desolvation 
design, foil/powder electrode engineering and wide-window electrolyte strategies onto these three 
stages, we further propose practical evaluation protocols based on DODZn, cumulative plating capacity 
(CPC), E/C ratio, N/P ratio and full-cell validation, providing a roadmap from high-rate laboratory 
demonstrations toward application of AZIBs under XFC conditions. 
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1. Introduction 
The commercialization of next-generation energy 

storage hinges on the ability to deliver extreme fast 
charging (XFC) without sacrificing safety, lifetime, or 
energy density.[1-3] However, fast charging is not 

simply achieved by increasing current density.[4, 5] 
Under XFC conditions, electrochemical systems are 
driven far from quasi-equilibrium, amplifying ion-
transport limitations, interfacial polarization, 
morphological instability, and parasitic reactions that 
are often masked under mild operating conditions. 
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Understanding how these limitations emerge and 
propagate across different length scales is therefore 
essential for designing practical fast-charging batteries. 
In lithium-ion batteries (LIBs), XFC is commonly 
defined at the full-cell level as recovering ~80% of 
capacity or SOC within ≤15 min. [6, 7] Although no 
universally accepted XFC criterion has been 
established for AZIBs, recent Ah-level AZIB pouch 
cells have adopted this time-based benchmark, 
suggesting its applicability to aqueous Zn systems.[8] 

Currently, LIBs dominate the energy storage 
market, with graphite-based materials serving as the 
prevailing anode. However, under XFC conditions, 
sluggish solid-state intercalation and diffusion of Li+ 
in graphite can drive anode polarization, [9] causing 
metallic Li deposition, commonly termed lithium 
plating, and associated capacity loss and safety 
risks.[10] Lithium-metal anodes bypass this 
intercalation barrier via a direct plating/stripping 
mechanism, but their high thermodynamic reactivity 
in organic electrolytes exacerbates dendrite formation 
and safety risks.[11-14] Conversely, zinc anodes also 
operate via the plating/stripping mechanism but 
possess moderate reactivity, enabling safe operation 
in aqueous electrolytes.[15-18] Together with the high 
theoretical gravimetric capacity of Zn metal  
(820 mAh g-1), a high volumetric capacity (5854-5855 
mAh cm-3), suitable redox potential of -0.763 V vs. 
SHE, low cost, and intrinsic aqueous safety, aqueous 
zinc-ion batteries (AZIBs) have emerged as attractive 
candidates for scalable energy storage.[19, 20] More 
importantly for XFC, Zn2+ carries an intrinsic mass-
transfer advantage that distinguishes it from 
monovalent charge carriers. Under ideal diffusion-
limited conditions, Sand’s time predicts that the time 
required for complete ion depletion scales with the 
square of the ionic charge number, suggesting that 
divalent Zn2+ can theoretically delay concentration 
depletion under comparable current-density and 
concentration conditions. 

Based on these advantages, AZIBs have attracted 
rapidly increasing global interest, as evidenced by 
the exponential growth of AZIB publications over 
the past decade. [21-23] Existing review and 
perspective articles have advanced the field from 
several complementary directions: First, mechanism-
focused reviews have discussed electric-double-layer 
(EDL) regulation, [24, 25] Zn2+ solvation/desolvation 
chemistry[26-28], and solid-liquid interfacial charge 
transport in aqueous zinc batteries.[29] Second, 
application-oriented reviews have emphasized high 
areal capacity or high-mass-loading electrodes, [30] 
limited zinc excess, lean electrolyte conditions, low 

negative-to-positive capacity (N/P) and electrolyte-
to-capacity ratio (E/C) ratios[31], soft-pack or pouch-
cell configurations[32], and grid-relevant stationary 
storage scenarios[33]. Third, theory- and data-assisted 
studies have used first-principles calculations, 
atomistic simulations, machine-learning-assisted 
screening, and multiscale modelling to understand 
degradation mechanisms and accelerate materials or 
electrolyte design.[34-36] Alongside these review 
efforts, fast-charging AZIB studies have also 
progressed rapidly, moving from simple high-current 
cycling demonstrations toward mechanism 
correction and multifunctional designs that combine 
solvation regulation, interfacial stabilization, 
deposition guidance, parasitic-reaction suppression, 
and usable ESW expansion. [22, 26, 37, 38, 39] 

Despite these advances, two related problems 
remain unresolved. First, existing AZIB reviews have 
not yet treated fast-charging AZIBs as a distinct field 
with a scientific understanding of their evolution. 
Second, the fast-charging literature itself is difficult to 
summarize by a single descriptor because the reported 
strategies are highly scattered and intrinsically 
multifunctional: an electrolyte additive, artificial 
interphase, and electrode architecture may 
simultaneously weaken Zn2+ solvation, stabilize the 
interface, homogenize Zn deposition, suppress water 
activity, and expand the ESW. Material-based 
classifications are useful for describing what has been 
designed, but they provide limited insight into the 
stage-dependent progression of fast-charging failure. 
What remains missing is a scale-resolved principle 
that clarifies where failure originates, how it is 
amplified, and when it becomes irreversible. 

Here, we establish a cross-scale “three 
contradictions” framework to understand fast-charging 
zinc anode interfaces. In this framework, we identify 
that polarization originates from microscopic ion-
electron transport mismatch, is amplified through 
mesoscale deposition non-uniformity, and ultimately 
collides with the macroscopic aqueous ESW limit, 
leading to parasitic reactions and capacity loss. Guided 
by this logic, this Review first reconstructs the 
scientific trajectory of fast-charging AZIBs, then 
summarizes representative strategies across the 
microscale, mesoscale, and macroscale levels. Finally, 
we propose scale-resolved evaluation protocols that 
bridge XFC-relevant Zn-anode testing to practical full-
cell XFC performance, together with future design 
principles for XFC AZIBs. By linking diverse material 
strategies to their corresponding scales, this Review 
aims to provide a framework for resolving 
the coupled limitations of fast-charging zinc anodes. 
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2. Scientific basis and evolution 
of fast-charging AZIBs 

Unlike LIBs, where extreme fast charging is mainly 
limited by sluggish Li+ transport, interphase instability, 
lithium plating, and safety concerns in organic 
electrolytes, [40, 41] AZIBs are primarily constrained by 
sluggish Zn2+ desolvation, interfacial polarization, 
nonuniform zinc deposition, and parasitic reactions 
within the narrow ESW. These differences are rooted in 
the intrinsic properties of the working ions, including 
electronic configuration, valence state, ionic radius, 
solvation structure, and mass-transfer boundary 
(Figure 1a)[26, 42, 43]. Although Li+ and Zn2+ possess 
comparable ionic radii (0.76 Å and 0.74 Å, 
respectively), [44] the divalent nature of Zn2+ gives it a 
much higher charge density, leading to interfacial 
electrochemistry fundamentally distinct from that of 
monovalent Li+. This ion-level distinction makes Zn2+ a 
double-edged charge carrier for fast charging. 

On the one hand, the closed-shell [Ar]3d10 
configuration and high charge density of Zn2+ 
thermodynamically favor a rigid six-coordinated 
octahedral hydration structure, in sharp contrast to the 
more labile solvation structure of Li+.[45, 46] Before 
reduction, hydrated Zn2+ must undergo a multi-step 
desolvation process to strip its strongly bound water 
sheath, imposing a substantial kinetic barrier at the 
zinc/electrolyte interface (Figure 1b).[47, 48] Under XFC 
conditions, sluggish desolvation causes the interfacial 
supply of active Zn2+ to lag behind rapid electron 
delivery. This ion-electron transport mismatch generates 
severe concentration polarization and nonuniform 
distribution of Zn2+ concentration, electric field and 
charge-transfer rate. [26, 47-49] Once such microscopic 
polarization becomes spatially heterogeneous, zinc 
deposition preferentially occurs at regions with lower 
nucleation barriers or stronger local electric fields, 
leading to uneven nuclei, protrusion growth, and porous 
or dendritic deposits. [37, 50-57] These morphological 
heterogeneities further concentrate current and ion flux, 
amplifying local overpotential until the accumulated 
polarization approaches the aqueous ESW margin and 
triggers parasitic reactions, including the hydrogen 
evolution reaction (HER), [38] local pH increase, zinc 
corrosion, and zinc hydroxide sulfate (ZHS) 
accumulation. [58-62] 

On the other hand, Zn2+ also offers an intrinsic mass-
transfer advantage for high-current operation. Because 
zinc deposition involves a two-electron transfer 
process, the onset of complete ion depletion is delayed 
according to Sand’s time theory (Figure 1c).[63] 

Described by the equation: 𝜏 = 𝜋𝐷(𝑧𝐹𝐶0)2

4𝐽2
 (where D is 

the diffusion coefficient, z is the charge number, F is 
Faraday’s constant, C0 is the bulk concentration, and J 
is the current density).[64] Since Sand’s time scales with 
the square of the ionic charge number, divalent Zn2+ 
theoretically exhibits a longer depletion time than 
monovalent Li+ under comparable current density and 
bulk concentration. This means that if the desolvation 
barrier and associated parasitic reactions can be 
mitigated, AZIBs should exhibit intrinsic tolerance to 
high-current plating/stripping. 

Driven by this paradox, the past decade has 
witnessed rapid advances in fast-charging AZIBs. Early 
studies primarily focused on higher current densities 
and longer cycling life after the demonstration of mild-
rechargeable AZIBs.[65] Subsequent work revealed that 
high current does not always aggravate dendritic 
failure; instead, under certain conditions, it can 
accelerate nucleation and promote dense deposition.[66-

68] This mechanism correction was further supported by 
theoretical descriptions such as Sand’s thickness, which 
provided guidelines for planar zinc deposition under 
practical fast-charging conditions. [69] More recently, 
the field has shifted from single-performance 
optimization toward balanced evaluation under 
practical constraints, including zinc utilization ratio, 
cumulative plating capacity (CPC), failure inflection 
behavior, electrolyte inventory, and cell-level 
scalability. [70-72] This evolution indicates that fast-
charging AZIB research is moving from empirical 
performance improvement toward mechanism-guided 
and application-oriented design (Figure 1d). 

3. Core challenges of the fast-
charging anode interface 

Fast-charging zinc anodes fail through a cross-scale 
evolution of polarization rather than through isolated 
interfacial reactions.[37] Polarization is first generated at 
the molecular/interface level by sluggish Zn2+ 
desolvation and ion-electron transport mismatch, then 
amplified at the electrode level by heterogeneous 
ion/electron flux and nucleation behavior, and finally 
converted into cell-level failure when the accumulated 
overpotential consumes the usable aqueous ESW 
margin (Figure 2). Accordingly, this section discusses 
the three coupled contradictions that govern fast-
charging   zinc anode interfaces:  microscale transport 
mismatch, mesoscale kinetics-uniformity conflict, and 
macroscale rate-capacity limitation. 
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Figure 1. (a) The physicochemical parameters of Li and Zn; (b) the solvation structure and desolvation energy of Li+ and Zn2+; (c) Sand’s 
time theory; (d) the trajectory of scientific understanding of fast-charging research. 
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Figure 2. The progressive multi-scale contradictions of fast-charging aqueous zinc anodes and their corresponding mitigation strategies: 
(a) microscale, (b) mesoscale, and (c) macroscale. 

3.1 Microscale polarization generation: ion-
electron transport mismatch 

At the microscale, the primary origin of fast-
charging polarization is the mismatch between rapid 
electron delivery and sluggish Zn2+ transfer. Under 
XFC, electrons can be supplied to the metallic anode 
almost instantaneously, whereas solvated Zn2+ first 
migrate through the EDL before being reduced. This 
interfacial ion-transfer process is fundamentally 
constrained by desolvation, which has been identified 
as a key rate-determining step (RDS) for zinc 
plating.[26] Before plating can occur, the solvated Zn2+ 

migrates from the diffusion layer (DL) to the outer 
Helmholtz plane (OHP), where the rigid hydration 
sheath must be sequentially removed before electron 
transfer and Zn deposition (Figure 2a).[47, 49] Because 
the strongly bound [Zn(H2O)6]2+ structure imposes a 
high energetic penalty, the interfacial supply of 
electroactive Zn2+ cannot keep pace with electron 
transfer under XFC conditions. This mismatch directly 
generates concentration polarization. Once interfacial 
Zn2+ consumption exceeds replenishment, the local ion 
concentration decreases and the anode requires a larger 
driving force to sustain the imposed current. The 
resulting overpotential not only slows charge-transfer 
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kinetics but also pushes the local electrode potential 
toward parasitic pathways. Therefore, the first 
contradiction of fast-charging zinc anodes is the kinetic 
incompatibility between fast electron transfer and 
delayed Zn2+ desolvation/migration. 

Resolving this transport bottleneck requires 
interventions that directly dismantle the desolvation 
barrier (Figure 2a), fundamentally aiming to decouple 
Zn2+ from H2O.[73] Constructing an artificial solid 
electrolyte interface (SEI) is the premier approach, 
driven primarily by Zn2+ affinity and supported by 
auxiliary H2O regulation.[74] To facilitate rapid transit, 
primary Zn2+ affinity is regulated via inorganic ionic 
channels or organic coordination networks.[75, 29] 
Complementing this, H2O regulation mitigates parasitic 
corrosion by either trapping water molecules within 
hydrogen-bonded networks or physically excluding 
free water through hydrophobic coatings.[76-78] Beyond 
interfacial modification strategies, fundamentally 
lowering the desolvation barrier requires reconfiguring 
the bulk solvation structure. This involves two 
pathways: substituting the primary solvation sheath 
with zinc-philic components to entirely displace inner 
H2O, or introducing hydrophilic additives into the 
secondary sheath.[79] The latter disrupts the bulk 
hydrogen-bonded network, fundamentally weakening 
the core H2O-Zn2+ interaction.[80, 81] Based on this 
progressive logic, Section 4 establishes a systematic 
taxonomy of these strategies, divided into SEI 
structural design (Section 4.1) and liquid electrolyte 
compositional engineering (Section 4.2). 

3.2 Mesoscale polarization amplification: kinetics-
uniformity conflict 

After polarization is generated at the 
molecular/interface level, its practical impact is 
determined by how it is distributed across the electrode. 
At the mesoscale, local current density, electric-field 
distribution, nucleation barrier, and electrode 
morphology determine whether microscopic 
polarization is homogenized or amplified. This is most 
clearly reflected in the contrast between planar zinc 
foils and porous zinc powder anodes (Figure 2b). 

Planar zinc foils provide a mechanically continuous 
and geometrically simple electrode surface, which is 
beneficial for dense and uniform deposition. 
However, their limited electrochemically active area 
and relatively high nucleation barrier require a large 
overpotential to initiate zinc plating. [50, 51] 
Conversely, porous zinc powder leverages a vast 
specific surface area to dilute local current density and 

depress the nucleation barrier. This drives rapid 
nucleation and minimizes polarization, unlocking the 
swift kinetics essential for fast charging.[52] 
Nevertheless, this rapid kinetic profile fundamentally 
compromises structural integrity. The initial 
nucleation is loose and uncoordinated; upon sustained 
growth, it triggers massive volume expansion, 
mechanical pulverization, and amplified parasitic 
reactions like HER.[53-55] Ultimately, this highlights 
the fundamental mesoscale contradiction: planar foils 
offer structural uniformity but suffer kinetic 
limitations, while porous powders provide kinetic 
superiority but inevitably face uniformity limitations, 
even structural degradation. 

The second contradiction is therefore a mesoscale 
kinetics-uniformity conflict. Increasing active area 
and lowering nucleation barriers can improve high-
rate kinetics, but these benefits may be offset if the 
electrode architecture amplifies spatial heterogeneity 
(Figure 2b). For zinc foil anodes, fast-charging 
strategies primarily focus on homogenizing local 
electric fields and lowering the polarization 
overpotential to accelerate kinetics.[56] In contrast, 
modifications for zinc powder anodes are dedicated to 
mechanically and chemically stabilizing the highly 
reactive, expanding interface under extreme rates.[57] 
Following this dichotomy, Section 5 will separately 
review the state-of-the-art modification strategies for 
zinc foils (Section 5.1) and zinc powders (Section 
5.2). 

3.3 Macroscale polarization-induced failure: 
ESW-limited rate-capacity trade-off 

At the macroscale, the ultimate consequence of fast-
charging polarization is determined by the finite ESW 
of the aqueous electrolyte (Figure 2c).[60, 61] Under 
low-rate, quasi-equilibrium conditions, interfacial 
kinetic resistance is minimal, rendering the polarization 
overpotential (Vpol) negligible compared with the 
theoretical voltage (Vth). Consequently, the anode 
working potential (Vth + Vpol) remains within the ESW, 
enabling the cell to approach its theoretical maximum 
reversible capacity (C0). However, transitioning to 
XFC conditions exposes a contradiction between 
kinetic demand and thermodynamic stability. To 
overcome the barriers to desolvation and nucleation, 
the system requires a high driving force, which 
increases Vpol and shifts the working potential toward 
the HER boundary. Consequently, the usable 
polarization margin narrows, parasitic water 
decomposition begins earlier, [62] and the reversible 
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capacity decreases from C0 through C1 to C2. 
Viewed through the fundamental energy equation 

(E=C×V), this contradiction defines the ultimate 
macroscale bottleneck. Under high-rate conditions, 
energy output is limited not only by capacity retention 
(C) but also by the usable operating voltage (V) within 
the aqueous ESW. A larger Vpol cannot simply be 
compensated by increasing the applied voltage, 
because the added driving force may instead trigger 
HER and consume active charge. Thus, kinetic 
polarization imposes a double penalty: it depresses the 
effective output voltage while accelerating irreversible 
capacity loss. This rate-capacity-voltage coupling 
defines the practical energy-density limit of fast-
charging AZIBs. 

Therefore, expanding the usable aqueous stability 
margin is critical for sustaining fast charging. To 
address this limitation, macroscale electrolyte 
engineering diverges into three evolutionary pathways 
(Figure 2c). Solid-state electrolytes (SSEs) maximize 
the ESW by eliminating water, but their sluggish 
diffusion induces massive polarization. Quasi-solid-
state gels offer a structural compromise, deploying 
polymer networks to immobilize water, which still 
inadvertently throttles ion migration.[82] Breaking this 
trade-off, novel liquid systems (e.g., decoupled 
electrolytes) have emerged as the frontier.[83] They 
retain the rapid aqueous kinetics while dynamically 
adapting the apparent ESW, driving active 
components to anode or cathode interfaces during 
charging.[84] Following this logic, Section 6 
categorizes these macroscale strategies across solid-
state (6.1), gel-state (6.2), and advanced liquid 
electrolyte systems (6.3). 

4. Interphase and solvation 
regulation for rapid ion transport 

Within the polarization-cascade framework, 
desolvation regulation targets the initial generation of 
interfacial polarization under XFC. The key is to 
simultaneously sustain rapid Zn2+ supply and facilitate 
interfacial dehydration without introducing additional 
transport resistance. Current strategies therefore fall 
into two categories: interphase regulation, which 
controls Zn2+ transport and H2O distribution directly at 
the electrode/electrolyte interface, and electrolyte 
regulation, which tunes the solvation state of Zn2+ 
before it reaches the interface. Representative strategies 
and their reported performances are summarized in 
Table 1. 

4.1 Interphase regulation: SEI structure and 
composition regulation 

Artificial SEIs regulate the hydrated Zn2+ anode 
environment by balancing two interdependent 
functions: accelerating Zn2+ supply to prevent 
interfacial electron depletion; regulating H2O to 
facilitate dehydration and suppress parasitic reactions. 
Importantly, these two functions should not be 
considered independently, because rapid Zn2+ transport 
without effective water regulation can intensify HER, 
whereas excessive water exclusion or binding may 
compromise ion accessibility. 

4.1.1 Zn2+ channels for accelerated ion supply 

One approach is to construct ion-conducting 
channels that continuously replenish Zn2+ consumed 
during high-rate deposition. Rigid inorganic channels 
effectively maintain mechanical strength. For instance, 
a zincophilic nanofluid channel (ZNC) and ZnWO4 
(ZWO) nanoarrays interphase guides Zn2+ transport 
through confined channels (Figure 3a), not only 
significantly shortening the thickness of the diffusion 
mass transfer zone, but also effectively alleviating the 
interfacial concentration polarization caused by uneven 
ion distribution (Figure 3b).[85] Benefiting from the 
synergistic reshaping of mass-transfer kinetics and the 
interfacial concentration gradient, the Zn symmetric 
cell can cycle over 500 h under 10 mA cm-2/5 mAh cm-

2 (Figure 3c). Removing crystalline grain-boundary 
constraints further improves transport: amorphous 
ZnWO4 exhibits a calculated Zn2+ diffusion energy 
barrier of 0.19 eV, compared with 0.36 eV for its 
crystalline state, and supports stable cycling at 20 mA 
cm-2 and 10 mAh cm-2 for over 600 h.[86] 

Beyond rigid inorganic channels, soft polymer 
channels (organic interphases) provide structural 
flexibility and abundant coordination sites for ion 
transfer. Polymer macromolecules are rich in polar 
functional groups (e.g., cyano, pyridine, hydroxyl, and 
ether groups), and their strong adsorption onto Zn2+ 
directly participates in and promotes the desolvation of 
Zn2+. A bacterial-cellulose nanofluidic layer, for 
instance, was introduced at the anode/electrolyte 
interface (Figures 3d and 3e). [87] The Lewis basic 
groups, such as ether bonds and hydroxyl groups, 
enriched on its macromolecular chains can 
spontaneously concentrate Zn2+ and shield the surface 
charges of the channels to form an electroneutral, 
single-ion transport pathway (Figure 3f). In situ 
electrochemical digital holography directly revealed a 
stable interfacial Zn2+ concentration field at 10 mA cm-2,  
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Table 1. Interphase and solvation strategies for rapid Zn ion transport. 

Strategy 
Symmetric cell Full cell 

Kinetic descriptor J 
(mA cm−2) 

QArea 
(mAh cm−2) 

DOD 
(%) 

Time 
(h) 

XFC 
regime Type Current 

(A g-1) 
Cycle 

number 
Capacity 

retention (%) Ea (kJ/mol) tZn2+ 

SEI 
structure 

and 
composition 
regulation 

Zn@ZWO[85] 9.02 0.72 10 5 NR 650 II V6O13/Zn 10 5000 100 10 1.7 2000 
BC@Zn[87] 41.96 0.64 40 40 75.97 1573 IV Zn/I₂ 1 9000 75.60 100 100 90.91 490 

F-Sb SAs@Zn 
[89] 13.42 0.89 20 5 8.5 1200 III Zn/I₂ 10 100000 94.3 

PA-Hn@Zn[90] 33.62 NR 10 5 NR 600 III PA-
Hn@Zn/KVOH 5 3000 100 10 10 275 

ZPHC@Zn[91] 25.4 0.79 5 2 NR 500 III V2O5 /ZPHC@Zn 5 1000 75.1 10 10 300 
ZVO@Zn[92] NR NR 2 1 NR 1000 I ZVO@Zn/MnO₂ 0.5 300 92.7 

Liquid 
electrolyte 
solvation 
structure 

SCL additives[93] 27.0 NR 30 30 73.3 171 IV Zn/NH4V4O10 5 4000 84.9 30 40 97.7 98 
MGMs [94] 34.76 0.82 5 5 NR 3000 III Zn/PANI 5 5000 68.5 20 5 500 

BSB [95] 37.9 0.86 5 5 NR 3227 III Zn/V₂O5 2 1800 80 30 1 3600 
VAIMLys [96] NR 0.89 1 1 NR 4000 II Zn/V2O5 2 1500 82.2 10 1 1000 

STTE [97] NR NR 10 10 NR 200 III Zn/NaVO 0.2 85 NR 10 20 450 
STEs [98] NR 0.60 10 10 85.4 625 III Zn/NVO 4 4000 87.7 

Pro, C5H9NO2 
[99] NR NR 0.5 0.5 NR 2500 I PANI/Zn 1 1300 93.6 0.5 0.5 1600 

DHP [100] 36.33 0.59 5 2 NR 4500 II Zn/NH4V4O10 5 1000 93.9 5 5 540 
ACN [101] 32.5 NR 1 1 NR 1200 I Zn/V6O13 10 10000 99.2 

Note: 

(1) Zinc tungstate (ZWO, ZnWO₄); bacterial cellulose (BC); single atoms (SAs); F-axially coordinated Sb single atoms (F-Sb SAs); 
phytic acid (PA); hydrogen-bond-anchored phytic acid–Zn/hydrogel protective layer (PA-Hn); zinc phytate/halloysite 
nanotubes/carboxymethyl cellulose composite interfacial layer (ZPHC); zinc vanadium oxide (ZVO); sucralose (SCL); 
multifunctional-group molecules (MGMs); bisolvation-sheath-bichelation (BSB); 1-vinyl-3-aminopropyl imidazolium lysinate 
(VAIMLys); solvent-tailored triflate electrolyte (STTE); steric-hindrance electrolytes (STEs); proline (Pro); dimethyl 
hydroxymethylphosphonate (DHP); acetonitrile (ACN). 

(2) XFC regime is classified using current-density/areal-capacity framework; for strategies reported under multiple symmetric-cell 
conditions, the highest reached regime is used: 

Regime I, fundamental evaluation (j<5 mA cm-2 and Qareal ≤1 mAh cm-2); 

Regime II, moderate fast charging (j≤10 mA cm-2 and Qareal≤5 mAh cm-2);  

Regime III, single-factor XFC-relevant stress (j >10 mA cm-2 or Qareal>5 mAh cm-2 or DODZn≥10%);  

Regime IV, coupled high-current/high-areal-capacity XFC-relevant condition (j >20 mA cm-2 and Qareal>5 mAh cm-2). 

while additional in-situ Raman spectroscopy showed 
reconstruction of the interfacial H-bond network, 
linking rapid Zn2+ replenishment with facilitated 
desolvation. Accordingly, the desolvation activation 
energy decreased from 58.19 to 41.96 kJ mol-1, 
enabling stable cycling even at 40 mA cm-2/40 mAh 
cm-2 and 100 mA cm-2/100 mAh cm-2 (Figure 3g). 
Notably, Zhou et al. innovatively extended in situ 
Raman spectroscopy from conventional molecular-

species identification to real-time visualization of 
interfacial ion-concentration fluctuations.[88] By 
tracking the SO4

2- band (~980 cm-1) near the moving 
electrode/electrolyte interface, they directly mapped the 
temporal evolution of Zn2+ distribution during 
deposition. 

These results indicate that a low calculated diffusion 
barrier alone is insufficient to establish XFC capability. 
Under   sustained   high-current   deposition,  the   more  
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Figure 3. (a) Schematic diagram of the nanofluid channel model and dual regulation effects. (b) Mechanism diagram of fast Zn2+ transport 
in nanofluid channels. (c) Cycling performance of symmetric batteries at 10 mA cm-2.[85] Copyright 2024, Elsevier. (d) Ionic conductivities of 
BC and BC@ZnWO4 at different ZnSO4 concentrations, and a schematic diagram of the concentration gradient. (e) Viscosity of BC and 
BC@ZnWO4 at different shear rates. (f) Zeta potential and SAXS test results. (g) Cycle performance test of BC@Zn/BC@Zn symmetric 
cells at 100 mA cm-2, 100 mAh cm-2.[87] Copyright 2025, Wiley-VCH GmbH. (h) Electron localization function. (i) Raman spectra of the 
ν(SO4

2-) band for different anodes. (j) In situ Raman spectra of weak hydrogen-bond proportions evolution during deposition. (k) Ea for 
different anodes.[89] Copyright 2025, Wiley-VCH GmbH. (l) A cross-sectional TEM image and corresponding EDS mappings of the 
ZVO@Zn anode. (m) The contact angle measurements and (n) the nucleation overpotentials of the Zn and ZVO@Zn anodes.[92] Copyright 
2024, American Chemical Society. 
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relevant criterion is whether the interphase can 
maintain a stable Zn2+ concentration field as Zn2+ is 
continuously consumed. Thus, ion-channel design 
should be evaluated together with dynamic 
concentration polarization rather than solely by 
equilibrium diffusion energetics. 

4.1.2 H2O regulation for suppressed side reactions 

A second route is to directly regulate interfacial H2O. 
Notably, hydrophobic interphases exclude water from 
the Zn surface, whereas hydrophilic interfaces 
immobilize or reorganize H2O through specific 
interactions. Although these mechanisms appear 
opposite, both seek to reduce the population of 
electrochemically active water participating in the Zn2+ 
hydration environment. 

For example, hydrophobic fluorine (F)-axial-
coordinated single-atom catalysts (F-Sb SAs) 
simultaneously regulate interfacial water and accelerate 
Zn2+ desolvation through electron delocalization and p-
p orbital hybridization (Figure 3h).[89] Raman 
spectroscopy shows a shift of the ν(SO4

2-) band toward 
higher wavenumbers on F-Sb SAs@Zn, corresponding 
to an increased proportion of contact ion pairs and 
indicating enhanced dehydration of the Zn2+ solvation 
sheath (Figure 3i). More importantly, in situ Raman 
spectroscopy during Zn deposition reveals that F-Sb 
SAs@Zn consistently maintained a higher fraction of 
weakly hydrogen-bonded water than bare Zn (Figure 3j), 
providing direct dynamic evidence for facilitated water 
removal from hydrated Zn2+. Consistently, the desolvation 
activation energy decreased from 33.52 kJ mol-1 to 
13.42 kJ mol-1 (Figure 3k), supporting stable cycling 
for 1200 h at 20 mA cm-2 and 5 mAh cm-2. 

Conversely, hydrophilic interphases can suppress 
water activity by immobilizing water within strong 
interfacial H-bond networks. A phytic-acid-
Zn/polyanionic hydrogel constructs a three-
dimensional dehydrated interface, exhibits excellent 
cycling stability at a high current density of 10 mA cm-

2, overcoming the bottleneck of rapid short-circuit 
failure in bare Zn at high currents. [90] Building on this, 
the concepts of "spatial confinement and ion sieving" 
were introduced, including the construction of a dual 
interfacial layer comprising zinc phytate and halloysite 
nanotubes (HNTs).[91] Within this structure, phytic acid 
molecules are responsible for hydrophilic desolvation, 
while halloysite provides a nanoscale "ion sieve" via its 
surface charges and inner cavity structure. 

Currently, the functional design of SEIs is advancing 
toward multifunctional synergy, integrating the 
regulation of water molecules with the guidance of zinc 
ion deposition. For instance, Yoo et al. constructed an 

ultrathin, multifunctional zinc vanadium oxide (ZVO) 
surface coating (Figure 3l), proposing a strategy that 
unifies "hydrophilic and zincophilic synergy".[92] The 
polar oxygen sites in this coating are responsible for 
tearing the hydration shell and actively capturing water 
molecules (hydrophilicity; Figure 3m; further lowering 
the desolvation activation energy Ea); simultaneously, 
the metal oxide lattice with high zinc affinity acts as 
atomic-level nucleation sites, significantly reducing the 
nucleation overpotential (zincophilicity; Figure 3n). 
This synergistic effect enables the anode to operate 
even under current shocks of 10 mAh cm-2 or higher. 

A critical issue is therefore not whether an interface 
is simply “hydrophobic” or “hydrophilic”, but 
whether it selectively lowers the activity of interfacial 
water while preserving rapid Zn2+ transport. Excessive 
exclusion, confinement, or binding of solvent 
molecules may otherwise replace a desolvation 
limitation with an interfacial mass-transfer limitation. 
XFC-oriented SEIs should consequently be assessed 
by the coupled evolution of water activity, Zn2+ flux, 
and interfacial resistance under realistic areal 
capacities. 

4.2 Electrolyte regulation: liquid electrolyte 
solvation structure 

Unlike artificial SEIs, electrolyte regulation modifies 
the solvation environment before Zn2+ reaches the 
anode. The central design trade-off is between reducing 
water activity and avoiding overly stable Zn2+-additive 
coordination that must subsequently be broken during 
deposition. Accordingly, electrolyte strategies can be 
classified into inner and outer solvation sheaths of 
hydrated zinc ions. 

4.2.1 Inner-sphere solvation structure for direct 
coordination with Zn2+ 

In AZIBs, the primary solvation shell of hydrated 
zinc ions, [Zn(H2O)6]2+, is the fundamental origin of 
HER and passivation corrosion at the anode interface. 
A critical step toward enhancing fast-charging stability 
involves introducing additives with stronger 
coordination capabilities for Zn2+, thereby directly 
substituting inner-sphere water molecules and altering 
the primary solvation structure. For instance, sucralose 
(SCL) forms an SCL-containing primary solvation 
shell [Zn(SCL)x(H2O)6-x]2+ and significantly 
reconfigures the global hydrogen-bond network.[93] 
Consequently, under XFC conditions of 30 mA cm-2 
and deep discharge (depth of discharge, DOD = 
73.3%), the Zn//Zn symmetric cell achieves stable 
cycling for 171 h, while the Zn//Cu cell delivers a high 
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CE of 99.61%. Moreover, folded multifunctional 
molecules can penetrate the inner shell via multisite 
coordination,effectively displacing 2-3 active water 
molecules and forming a multisite-coordinated 
[Zn(MGM)x(H2O)y]2+ solvation cluster (Figure 4a).[94] 
Arrhenius fitting reveals a remarkable reduction in the 
desolvation activation energy to 34.76 kJ mol-1 (Figure 
4b). Consequently, the anode exhibits stable plating/ 
stripping profiles even under 20 mA cm-2 (5 mAh cm-2) 
(Figure 4c). 

More complex coordination architectures further 
illustrate that solvation engineering can affect both ion 
transport and interfacial chemistry. Sodium succinate 
(DS) can bridge two Zn2+ centers to form a bisolvation-
sheath-bichelation configuration (i.e., a Zn2+-DS2--Zn2+ 
structure), thereby completely breaking the constraints 
of traditional mononuclear coordination (Figure 4d).[95] 
Rather than inducing tension, this dinuclear chelation 
promotes charge delocalization, effectively reducing 
electrostatic repulsion between adjacent Zn2+ ions and 
accelerating Zn2+ migration (Figure 4e and f). Upon 
migrating to the anode interface, the BSB cluster 
undergoes competitive anion desolvation, as visualized 
by AIMD simulations (Figure 4g), drastically lowering 
the desolvation energy barrier. The zinc anode 
demonstrates excellent fast-charging rate capabilities 
up to 30 mA cm-2. Meanwhile, poly (ionic liquid)s 
(PILs) and solvent-tailored triflate electrolytes (STTE) 
couple solvation reconstruction with interphase 
formation. PILs utilize dense polar groups to replace 
the primary hydration layer, forming a polymer-
wrapped coordination network.[96] As these clusters 
migrate to the anode, the coordinating groups directly 
participate in interfacial electrochemical coupling and 
decomposition, generating a robust SEI protective 
layer, supporting long-term cycling (1000 h) under  
10 mA cm-2. [96] Moreover, ether solvents in STTE alter 
the global hydrogen-bond network and introduce steric 
hindrance, forcibly pulling CF3SO3

- anions into the 
inner shell to form contact ion pair (CIP) or aggregate 
(AGG) structures.[97] The anion-rich sheath preferentially 
decomposes at the interface to generate protective 
SEIs, enabling the STTE to maintain stable cycling for 
over 450 h under 10 mA cm-2 and 20 mAh cm-2, with a 
DOD up to 68%. 

However, stronger coordination is not necessarily 
equivalent to faster charging. Although replacing H2O 
can lower water activity and suppress HER, 
excessively stable additive-Zn2+ or anion-Zn2+ 
interactions may create a new energetic penalty during 
desolvation. Inner-sphere design therefore requires an 
optimal, rather than maximal, coordination strength and 

should be evaluated in terms of both solvation stability 
and actual charge-transfer kinetics. 

4.2.2 Outer-sphere solvation structure for 
surrounding solvation 

Unlike the direct substitution of coordinated water 
molecules in the inner shell, the regulation of the outer-
sphere (secondary) solvation structure aims to modify 
steric interactions and hydrogen-bond networks 
surrounding hydrated Zn2+. This approach can weaken 
Zn2+-H2O interactions while avoiding the kinetic penalty 
associated with strong inner-sphere coordination. 

Large molecules such as sucrose accumulate outside 
the primary solvation shell and use steric effects to 
perturb the hydration environment. [98] Specifically, this 
outer-sphere enrichment leverages significant steric 
hindrance to expand the Zn2+ solvation sheath volume, 
pulling and substantially weakening the inner Zn2+-H2O 
interactions and constructing a water-shielding electric 
double layer (EDL) at the anode, enabling stable 
cycling of 625 h at 10 mA cm-2 and 10 mAh cm-2. 

Proline reconstructs the surrounding H-bond network 
while maintaining an organic-free primary solvation 
shell (Figure 4h).[99] Theoretical calculations indicate 
that the strong binding energy between Pro and water 
molecules (-1.21 eV) is much higher than the intrinsic 
hydrogen-bond interactions between water molecules (-
0.31 eV) (Figure 4i), enabling the additive to disrupt 
the frozen network among bulk water molecules 
completely. Meanwhile, EXAFS wavelet transforms 
spectra visually confirm the maintenance of an organic-
free primary solvation structure in the system. 
Similarly, dimethyl hydroxymethylphosphonate 
interacts with Zn2+ via low-affinity coordination, 
facilitating localized dehydration, while its peripheral 
hydroxyl groups firmly lock the active water molecules 
in the outer sphere.[100] This mechanism effectively 
mitigates strong solvation constraints, significantly 
reducing the desolvation Ea from 46.23 kJ mol-1 to 
36.33 kJ mol-1, enabling the Zn//Zn symmetric cell to 
operate stably for over 4500 h under 5 mA cm-2. 

Although theoretical calculations, structural 
characterizations, apparent desolvation activation 
energies, and cell-level electrochemical tests provide 
valuable mechanistic and kinetic information, they 
offer limited direct insight into the transient evolution 
of interfacial solvation under operating conditions. In 
acetonitrile (ACN)-containing electrolytes, ACN can 
construct a "catcher" network by forming strong O-
H···N hydrogen bonds with water molecules.[101] In 
situ Raman further shows that the C≡N band remains 
unchanged   during   Zn  plating/stripping,  without  the  
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Figure 4. (a) Multisite additives (MGM) and ESP mapping of the solvated structures of pristine Zn2+-6(H2O) and MGM-Zn2+-4(H2O).  
(b) Arrhenius curves and comparison of the activation energies. (c) Cycling performance of Zn//Zn symmetric batteries based on ZS and 
MGM electrolytes under 20 mA cm-2.[94] Copyright 2025, Wiley-VCH GmbH. (d) Scheme of the Zn2+ solvation and desolvation process in 
the BSB electrolyte. (e) Electrostatic potential mapping. (f) Comparison of the Zn2+ transference numbers in the BE electrolyte and the BSB 
electrolyte. (g) The desolvation process of (Zn2+)2(H2O)5(OTf-)4DS2- simulated by AIMD.[95] Copyright 2025, Wiley-VCH GmbH. (h) The 
working mechanism of P-4 electrolyte. (i) Binding energies between different components in Pro/ZnSO4 electrolyte.[99] Copyright 2025, 
Wiley-VCH GmbH. (j) Schematic of electrochemical in situ FTIR. The process can be decoupled into two stages: abrupt change of interface 
reconstruction (expressed as ΔA(tx) = A(tx) − A(t0)) and gradual change of (de)solvation evolution (expressed as ΔA(ty) = A(ty) − A(tx)). 
(k) ΔA(tx) comparison of three electrolytes during deposition. (l) The ΔA(ty) evolution of ν(O-H) and νas(S-O) during desolvation.[102] 
Copyright 2025, Wiley-VCH GmbH. 
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emergence of new coordination features, supporting 
that ACN mainly facilitates interfacial desolvation 
rather than dynamically reconstructing the primary 
Zn2+ solvation shell in bulk electrolyte. Building on 
this, Yu et al. employed time-resolved in situ FTIR 
during Zn plating at an absolute current of 10 mA for 
900 s to directly monitor the (de)solvation process 
during Zn plating/stripping (Figure 4j).[102] Upon 
current application, an abrupt reconstruction of the 
interfacial H-bond and ion-pairing environment was 
first observed (Figure 4k), followed by gradual 
evolution of the O-H and S-O signals during 
desolvation (Figure 4l). These results demonstrate the 
capability of advanced in situ spectroscopy to capture 
transient interfacial solvation dynamics and highlight 
the need to extend such measurements to XFC-relevant 
high-current-density conditions. Future studies should 
further integrate high-current in situ Raman/FTIR with 
operando synchrotron X-ray absorption techniques to 
correlate transient solvent/anion redistribution with 
changes in the local Zn2+ coordination environment 
under realistic XFC conditions. 

Overall, inner-sphere regulation directly reconstructs 
the primary Zn2+ solvation shell and more strongly 
suppresses water activity, but overly strong 
coordination may increase the desolvation penalty. 
Outer-sphere regulation better preserves fast Zn2+ 
transport, although its regulation of water activity is 
more indirect. 

5. Balancing kinetics and 
uniformity via electrode design 

Although microscale desolvation regulation reduces 
interfacial polarization, stable fast charging also requires 
mesoscale electrode designs that homogenize 
ion/electron flux and maintain large-area deposition 
uniformity. In this section, Zn-foil and Zn-powder 
electrodes are distinguished according to their electrode 
forms and dominant modification approach for XFC. Zn 
foils are planar metallic substrates, for which the key 
issue is to activate the surface and regulate nucleation, 
crystallographic orientation, and local deposition 
kinetics. In contrast, Zn powders form high-surface-area 
particulate networks, where particle contact, 
electronic/ionic percolation, electrode porosity, corrosion 
exposure, and volume/structural stability become more 
critical. Therefore, Section 5.1 focuses on improving the 
kinetic uniformity of Zn foils, whereas Section 5.2 
focuses on stabilizing Zn-powder architectures under 
high-flux operation, with representative strategies and 

performance metrics summarized in Table 2. 

5.1 Activating zinc foils 

To mitigate the inherent electrochemical sluggishness 
and dendrite growth on planar zinc foils, diverse 
strategies are systematically categorized based on their 
roles in reshaping nucleation thermodynamics 
(zincophilic sites), guiding crystallographic growth 
(preferred planes), and redistributing local current 
densities through geometric reconstruction (3D designs). 

5.1.1 Zincophilic sites 

Under high-current fast-charging conditions, the 
intrinsically high nucleation overpotential of zinc foil 
anodes typically leads to sluggish interfacial deposition 
kinetics. This thermodynamic inertia easily triggers 
uncontrolled nucleation, forming massive initial nuclei 
locally that subsequently evolve into destructive 
dendrites. Therefore, introducing "zincophilic sites" 
with strong Zn2+ interactions at the anode/electrolyte 
interface—thereby reshaping the thermodynamic and 
kinetic environment to lower the nucleation barrier—is 
a primary strategy for enabling stable high-rate 
operation of zinc foils. 

Constructing zincophilic sites utilizing the strong 
thermodynamic affinity of heterometallic interfaces is a 
direct and effective approach. Among various 
zincophilic elements, copper (Cu) has been extensively 
studied due to its low nucleation barrier. Zheng et al. 
directly employed a commercial brass (Cu0.7Zn0.3) solid 
solution alloy as the anode.[103] Theoretical calculations 
and kinetic characterizations revealed that this reduced 
nucleation overpotential of zinc ions originates from 
the accelerated interfacial charge transfer. To further 
optimize the distribution of Cu sites, Liu et al. 
proposed a modification strategy utilizing Cu2+-
preloaded layered kaolin.[104] During cycling, the in situ 
reduced Cu2+ forms spatially gradient CuxZny alloy 
nucleation sites, further achieving improved 
performance. With the development of computational 
chemistry, Zhao et al. systematically screened optimal 
zincophilic carriers from the perspectives of 
thermodynamic inertia and kinetic zincophilia.[105] The 
resulting Bi@Zn hetero-metallic interface exhibited 
outstanding kinetic performance. Theoretical and 
experimental results confirmed that Bi sites maximally 
reduce the nucleation barrier and accelerate interfacial 
charge transfer. Benefiting from this kinetic 
enhancement, the corresponding symmetric cell 
delivered an ultra-low overpotential of ~55 mV and an 
exceptional lifespan of over 4700 cycles at a high 
current density of 10 mA cm-2. 
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Table 2. Zn electrode strategies for balancing kinetics and uniformity. 

Anode type 
Tafel Symmetric cell Full cell 

Corrosion 
potentials 

Corrosion J 
(mA cm−2) 

Kinetic descriptor J 
(mA 
cm−2) 

QArea 
(mAh 
cm−2) 

Time 
(h) 

XFC 
regime Type Current 

density 
Cycle 

number 
Capacity 
retention 

(%) Ea 
(kJ/mol) 

Overpotentials 
reduction rate 

(%) 

Activati
ng zinc 

foils 

Zn/Brass[103] −9.95 mV 0.26 NR 22.8% 1 1 1400 III Zn/Br2 20 A g-1 50 98.53 10 10 420 
Zn@CuCK[104] −0.982 V 0.659 36.16 58.8% 5 2 2300 II Zn@CuCK/NVO 5 A g-1 12000 83.5 10 5 1100 

Bi@Zn[105] −0.978V 0.21 45.17 NR 10 5 2000 II Bi@Zn/MnO2 0.1 A g-1 150 85.3 
Nuclei-rich 
electrode[51] −0.976V 0.23 48.6 43.9% 1 1 4000 III Zn/ MnO2 10C 3000 99 15 10 1200 

T-Zn[106] −0.84 V 0.42 35.7 64.9% 5 1 2500 II T-Zn/I2 1.5 A g-1 5000 83.4 10 1 400 
NMIF@Zn[108] −1.133 V 0.32 16.7 78.4% 3 3 2000 III NMIF@Zn/MnO2 1 A g-1 1000 82.3 20 10 1000 

3D-
Zn@ZnSe[107] −0.965 V 0.092 36.66 78.7% 0.5 0.5 2000 II 3D-

Zn@ZnSe/V2O5 5 A g-1 8500 90.63 10 3 200 

Consolid
ating 
zinc 

powder 
anode 

GIZ[114] −1.064 V 6.82 NR 72.8% 1 1 3000 I Zn/NVO 2 A g-1 1000 61.2 
3D Zn@ZAP[129] −0.954 V 0.31 NR NR 5 5 4700 III 3D 

Zn@ZAP/MnO2 1.7 A g-1 500 68.4 10 10 1750 
Zn 

powder/PG[127] −0.951 V 0.38 17.1 72.8% 5 1 400 I Zn 
powder/PG/MnO2 1 A g-1 100 72 5 0.5 360 

ZP-NC[119] −1.015 V 1.82 34.44 NR 1 1 900 II ZP-NC/NVO 4 A g-1 1100 75.7 5 5 170 
PC41@ZnP[121] −0.893 V 0.78 NR 29.9% 1 1 1600 I PC41@ZnP/MnO2 10 C 2000 77.3 5 1 900 
MXene@Zn[112] −0.918 V 0.45 NR 28.1% 1 1 200 I MXene@Zn/FeHC

F 1 A g-1 1000 77 
Zn-PD[116] −1.005 V 0.98×10⁻³ NR 50.0% 1 1 200 I Zn-PD/NVO 0.5A g-1 200 72.3 
LSZ[115] −0.858 V 0.013 NR 35.9% 1 0.5 2000 I LSZ/V2O5 1A g-1 2000 79.1 
SLA[125] −0.902 V 0.32 NR NR 5 5 450 III SLA/V2O5 10 A g-1 5000 75 10 10 100 

P-A2@NH₂[124] −0.953 V 0.04 10.13 36.5% 2.5 0.5 8300 IV P-A2@NH₂/AlVO-
H2O 2A g-1 500 91.9 25 25 2000 

ZMA@3D 
Zn[130] −0.910 V 0.29 NR 50.7% 10 10 890 III ZMA@3D-

Zn/MnO2 5 A g-1 500 84.8 20 20 1153 
Passivated Zn-P 

[117] −0.925 V 0.22 NR NR 3 3 70 II Zn/MnO₂ 1 A g-1 250 71.8 
C@Zn-P[111] −0.901 V 0.19 NR 36.6% 1 0.5 600 I C@ZnP/MVO 1 A g-1 1000 81.4 

DDA-
MXene@Zn-

p[113] 
−0.957 V 0.279 NR 46.2% 1 1 450 I DDA-MXene@Zn-

p/MnO2 1 A g-1 1000 82.2 

Zn@C-5[126] −0.903 V 0.26 NR 85.6% 1 1 880 II Zn@C5/MnO2 0.5 A g-1 800 >75 5 5 180 
ZP/DDP[120] −0.889 V 0.24 NR NR 2 2 700 II ZP/DDP/I2/DDP 1.7 A 

g⁻¹ 1200 100 5 5 200 
APS[128] −0.882V 0.77 NR NR 5 1 5000 I APS/MnO2 20 mA 

cm-2 7500 100 
Zn-P-MIEC[123] −0.868 V 0.00789 14.22 NR 10 1 100 II Zn-P-MIEC/MnO2 0.5A g-1 1500 90 

ZnP-FC[122] −0.98 V 1.28 NR NR 5 1 1650 II ZnP-FC/KVOH 5 A g-1 6000 85 5 5 570 
Note: 

(1) Zinc/brass electrode (Zn/Brass); Cu2+-carboxymethyl chitosan-kaolin layer-modified Zn (Zn@CuCK); bismuth-zinc hetero-metallic 
interface (Bi@Zn); micro-terraced Zn (T-Zn); nuclei-rich Zn electrode (nuclei-rich electrode); NaMgF3/Na3InF6 nanocube 
interphase-modified Zn (NMIF@Zn); polyporous three-dimensional Zn framework with a zincophilic ZnSe overlayer (3D-Zn@ZnSe); 
GaInZn alloy-coated Zn (GIZ); three-dimensional printed Zn scaffold coated with Zn-alginate/polyacrylamide hydrogel (3D 
Zn@ZAP); zinc powder/pristine graphene hybrid electrode (Zn powder/PG); nano-copper-modified Zn powder (ZP-NC); 
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polytetrafluoroethylene/carboxymethyl cellulose 4:1 binder-modified Zn powder (PC41@ZnP); Ti3C2Tx MXene-wrapped Zn powder 
(MXene@Zn); poly(ethylene glycol) diacrylate-modified Zn powder (Zn-PD); liquid metal-skinned Zn powder (LSZ); semi-liquid Zn 
powder anode (SLA); soft-elastic amino-functionalized polymer-modified Zn powder (P-A2@NH2); zinc methacrylate-modified 
three-dimensional printed Zn powder anode (ZMA@3D Zn); passivated Zn powder (passivated Zn-P); amorphous carbon-coated Zn 
powder (C@Zn-P); dimethyldiallylammonium chloride-assisted Ti3C2Tx MXene-modified Zn powder (DDA-MXene@Zn-p); 
glucose-derived amorphous carbon-coated Zn powder with a Zn:C ratio of 5:1 (Zn@C-5); diisocyanate-poly(tetrahydrofuran) 
dihydrazide binder-modified Zn powder (ZP/DDP); artificial protrusion strategy (APS); mixed ionic-electronic conducting scaffold-
supported Zn powder (Zn-P-MIEC); biomimetic quasi-skin-capillary Zn powder anode with ionic-electronic conducting full-chain 
networks (ZnP-FC). 

(2) XFC regime is classified using current-density/areal-capacity framework; for strategies reported under multiple symmetric-cell 
conditions, the highest reached regime is used: 

Regime I, fundamental evaluation (j<5 mA cm-2 and Qareal ≤1 mAh cm-2); 

Regime II, moderate fast charging (j≤10 mA cm-2 and Qareal≤5 mAh cm-2);  

Regime III, single-factor XFC-relevant stress (j>10 mA cm-2 or Qareal>5 mAh cm-2 or DODZn≥10%);  

Regime IV, coupled high-current/high-areal-capacity XFC-relevant condition (j>20 mA cm-2 and Qareal>5 mAh cm-2). 

 
Highly electronegative polar groups rich in lone-pair 

electrons (e.g., -OH) can also strongly coordinate with 
Zn2+, serving as effective nucleation-inducing centers. 
Inorganic minerals and natural biomass 
macromolecules are ideal structural carriers for these 
polar sites. Zou et al. constructed a "nuclei-rich" 
inducing interface using -OH-rich hydroxyapatite 
(Figure 5a).[51] The strong adsorption of Zn2+ by -OH 
groups significantly facilitated the desolvation process, 
reducing the interfacial activation energy from 66.0 to 
48.6 kJ mol-1. Kinetic characterizations demonstrated 
that the exchange current density of the modified 
interface increased from 10.19 to 17.04 mA cm-2, 
driving the zinc deposition mechanism from 
conventional instantaneous nucleation to a high-rate 
progressive nucleation mode (Figure 5b). Empowered 
by this kinetic enhancement, the symmetric cell 
achieved over 1, 200 hours of dendrite-free cycling 
under 15 mA cm-2 and 10 mAh cm-2 (Figure 5c). 

5.1.2 Preferred crystal planes 

Due to the hexagonal close-packed (hcp) crystal 
structure of Zn, its various crystallographic planes (e.g., 
(002), (100), (101)) exhibit pronounced anisotropy in 
atomic packing density, surface energy, and charge 
distribution. This crystallographic anisotropy directly 
causes an uneven electric-field distribution and kinetic 
discrepancies during Zn2+ deposition at the 
anode/electrolyte interface, making the anode highly 
susceptible to dendrite growth and side reactions. 
Therefore, regulating the preferred crystal orientation 
via interface engineering—guiding zinc ions to deposit 
in an orderly manner along specific thermodynamically 
or kinetically favorable planes—is a critical pathway to 
resolving the intrinsic instability of zinc anodes at high 

rates. 
Among the various crystal planes, the (002) plane 

features the highest atomic packing density and the 
lowest surface energy in zinc crystals. Guiding zinc 
deposition along the (002) plane not only provides a 
flat 2D lateral growth platform but also significantly 
suppresses water-induced side reactions owing to its 
thermodynamic stability. However, the close-packed 
structure of the (002) plane inevitably results in 
relatively sluggish reaction kinetics. In contrast, certain 
non-(002) planes exhibit faster charge-transfer and 
deposition kinetics. Provided they are effectively 
induced and regulated by specific interfacial   fields, 
these non-(002) planes can also overcome the risk of 
disordered growth, achieving highly uniform and dense 
deposition. This strategy not only offers excellent 
interfacial stability but also endows the electrode with 
rapid response capabilities that far exceed those of the 
(002) plane, breaking the exclusivity of conventional 
(002) textures. 

In practice, manipulating a single crystal plane often 
involves a trade-off between thermodynamics and 
kinetics: the (002) plane is exceptionally stable but 
kinetically sluggish, whereas high-energy planes (e.g., 
(100)) offer ultra-fast kinetics but are prone to severe 
interfacial side reactions. To address this compromise, 
constructing a multi-plane synergistic "micro-terraced 
surface" is an advanced solution. Zhang et al. treated 
Zn foils in an aqueous TiF4 solution to induce redox-
driven, crystallographically anisotropic surface 
dissolution. Ti4+ acts as a mild oxidant and is reduced 
to Ti3+, while surface Zn is oxidized to soluble 
Zn2+.[106] Preferential dissolution at under-coordinated 
sites then drives surface reconstruction into a micro-
terraced  morphology  composed of (002) basal terraces  
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Table 3. Polarization reduction of representative Zn-electrode strategies. 

Anode type J (mA cm−2) Before modification 
(mV) 

After modification 
(mV) 

Polarization reduction 
(%) 

Activating zinc foils 

Zn/Brass[103] 10 57 44 22.8% 
Zn@CuCK[104] 0.4 68 28 58.8% 
Zn@CuCK[104] 5 NR 38 NR 

Nuclei-rich electrode[51] 5 96.1 53.9 43.9% 
Bi@Zn[105] 5 72.4 25.4 64.9% 

Nuclei-rich electrode[51] 1 70.5 15.2 78.4% 
3D-Zn@ZnSe[107] 0.5 85.4 18.2 78.7% 

Consolidating zinc 
powder anode 

T-Zn[106] NR 15.1 4.1 72.8% 
3D Zn@ZAP[129] NR NR NR NR 
NMIF@Zn[108] 1 51.6 40.0 22.5% 

ZP-NC[119] NR NR NR NR 
3D-Zn@ZnSe[107] 1 50.9 35.7 29.9% 
MXene@Zn[112] 1 38.1 27.4 28.1% 

GIZ[114] NR 80 40 50.0% 
3D Zn@ZAP[129] 0.2 64 41 35.9% 

SLA[125] NR NR NR NR 
Zn powder/PG[127] NR 52 33 36.5% 
ZMA@3D Zn[130] 10 102.9 50.7 50.7% 

ZP-NC[119] NR NR NR NR 
C@Zn-P[111] 10 124 79 36.3% 

PC41@ZnP[121] 1 65.3 35.1 46.2% 
Zn@C-5[126] 1 130.82 18.91 85.6% 

MXene@Zn[112] NR NR NR NR 
Zn-PD[116] NR NR NR NR 
LSZ[115] NR NR NR NR 
SLA[125] NR NR NR NR 

Note: Table 3 supplements Table 2 by detailing specific polarization conditions and values of before/after modifications, whereas Table 2 
highlights the reduction percentages for clearer comparison. Data for Polarization reduction (%) of Table 2 is calculated based on Table 3. 

and (100) side planes (Figure 5d). The distinct Zn2+ 
adsorption energetics of the (002), (100), and their 
interfacial sites direct Zn migration toward the terrace 
boundaries, converting disordered surface diffusion 
into directional 2D diffusion (Figure 5e and 5f). The 
coupled terrace diffusion and edge anchoring improve 
high-rate kinetics while maintaining interfacial 
stability, enabling low plating/stripping polarization 
even at 20 mA cm-2. 

5.1.3 3D anode design 

Under high-current fast-charging operations, 3D 
structured anode design is another effective strategy to 
improve zinc deposition kinetics. The core mechanism 
involves constructing a highly porous, conductive 
framework to drastically increase the electrochemically 
active surface area (Areal), thereby significantly 
reducing the local interfacial current density (Jlocal = 
J/Areal). Bie et al. utilized a one-step electrochemical 
scanning technique to in situ reconstruct a polyporous 
3D-Zn framework on a planar zinc foil, simultaneously 
coating it with a zincophilic ZnSe overlayer.[107] This 
intrinsically reconstructed 3D zinc host not only 

precisely repaired inherent surface defects but also 
effectively lowered the local current density and 
buffered the volumetric stress during plating/stripping. 
With a deeper understanding of the microscopic 
behavior of anodes under fast-charging conditions, 
researchers have increasingly recognized that the 
introduction    of    zincophilic   sites, the   preferential 
induction of specific crystal planes, and 3D structural 
designs are deeply intertwined. For example, Yang et 
al. developed a novel composite-phase 
NaMgF3/Na3InF6 nanocube interphase (NMIF@Zn) 
that undergoes dynamic in situ reconstruction into a 
stratified architecture during electroplating  
(Figure 5g).[108] Through the synergistic regulation of 
this stratified interface, the preferential reduction of 
In3+ forms a zincophilic metallic in the inner layer, 
while the outer layer retains the negatively charged 
fluoride nanocubes. This reconstructed interphase not 
only strengthens the EDL structure (Figure 5h) but 
also establishes unhindered ion channels rich in 
zincophilic sites, significantly lowering the ion 
migration barrier and nucleation overpotential to enable 
conformal,  dendrite-free  deposition.  As  a  result,  the  
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Figure 5. (a) Schematic of Zn plating on conventional and nuclei-rich Zn electrodes. (b) (I/Im)2-(t/tm) curves from the current response in 
chronoamperometry plating of Zn at nuclei-incubating interfaces. (c) Long-term cycling profiles of Zn symmetric cells with a current density 
of 15 mA cm-2.[51] Copyright 2023, The Royal Society of Chemistry. (d) HRTEM image of T-Zn. (e) Schematics of the Zn plating on P-Zn 
and T-Zn. (f) Adsorption energy of Zn2+ on the (100), (002), and (100)/(002) crystal planes of metallic Zn.[106] Copyright 2026, Wiley-VCH 
GmbH. (g) Schematic diagram of the in situ self-reconstruction process on the NMIF@Zn anode. (h) Schematic of the EDL structure of 
NMIF@Zn with a reinforced Zn2+ concentration. (i) Potential profiles of symmetric cells using different electrodes at 20 mA cm-2.[108] 
Copyright 2026, Wiley-VCH GmbH. 
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NMIF@Zn anode demonstrated excellent plating/ 
stripping reversibility under the stringent conditions of 
20 mA cm-2 and 10 mAh cm-2 (Figure 5i). 

Overall, zincophilic-site engineering lowers the 
nucleation barrier, crystallographic regulation guides 
ordered Zn growth, and 3D architectures reduce the 
local current density. However, each strategy addresses 
only part of the kinetics-uniformity trade-off, while 
excessive surface activation or structural complexity 
may introduce additional side reactions and instability. 
Their integration is therefore more promising for XFC 
than maximizing any single factor alone. 

5.2 Consolidating zinc powder anode 

Compared with planar Zn foils, Zn powders provide 
a much larger electrochemically active area, which 
lowers local current density and facilitates rapid 
nucleation. However, the same high surface area also 
increases Zn/electrolyte contact, intensifying corrosion, 
HER, and volume-induced structural instability under 
XFC. Current stabilization strategies are systematically 
categorized into three dimensions: zinc powder 
modification, functionalization of auxiliary 
components, and structural design of electrode 
architectures. 

5.2.1 Zinc powder modification 

The particle size distribution and morphology of Zn 
powders are intrinsic structural parameters that 
influence particle packing, electrode porosity, local 
electric-field distribution, and Zn2+ transport. Zhao et 
al. constructed a Zn powder electrode with through-
thickness gradients in particle size and porosity, as 
confirmed by cross-sectional and layer-resolved SEM 
observations (Figure 6a).[109] Finite-element 
simulations reveal that this gradient architecture 
redistributes Zn2+ concentration and deposition sites 
across the electrode depth (Figure 6b), thereby 
promoting bottom-up Zn deposition rather than 
surface-localized growth (Figure 6c). In addition to 
particle size, morphology also affects interparticle 
compatibility and structural stability; Cao et al. showed 
that flake-type Zn powders exhibit enhanced 
compatibility with similarly shaped graphite, resulting 
in a more uniform local electric field and Zn 
deposition.[110] These results indicate that Zn powder 
size and morphology should be jointly optimized with 
electrode porosity and interparticle connectivity rather 
than treated as independent parameters. 

Surface modification of Zn powders primarily serves 
two functions: regulating Zn deposition kinetics and 
suppressing water-induced parasitic reactions. 

Conductive carbon coatings establish continuous 
electronic pathways while homogenizing Zn 
deposition. Tang et al. synthesized amorphous carbon-
coated Zn powders (C@Zn-P) by spraying and 
annealing; the carbon layer forms negatively charged 
COO- and COH- groups via water deprotonation, 
facilitating Zn2+ diffusion through electrostatic binding 
(81.4% capacity retention after 1000 cycles).[111] Li et 
al. wrapped Zn powders with Ti3C2Tx MXene through 
electrostatic self-assembly, leveraging the low lattice 
mismatch (~10%) to establish continuous electronic 
channels while redistributing Zn2+ flux for uniform 
nucleation (> 1000 cycles with ~100% CE).[112] 
However, MXene's intrinsic hydrophilicity and weak 
adhesion to Zn limit long-term durability. Tang et al. 
addressed this by introducing dimethyl diallyl 
ammonium chloride (DMDAAC) as a dual-functional 
enhancer that strengthens MXene-Zn adhesion 
electrostatically while imparting superhydrophobicity 
(99.2% CE after 300 cycles).[113] 

Zincophilic metallic coatings guide deposition and 
suppress corrosion through heterogeneous interfacial 
interactions. GaInZn alloy coatings lower the surface 
energy from 29.0 to 26.9 mN m-1 and reduce the 
nucleation overpotential from 15.1 to 4.1 mV, enabling 
preferential nucleation and corrosion suppression.[114] 
Interestingly, liquid metal-skinned Zn (LSZ) powders 
are a nanothick eutectic gallium-indium skin that 
conformally coats Zn powders and acts as an 
electrically conductive glue, eliminating the need for 
binders and carbon additives while guiding horizontal 
Zn growth along the (002) plane and restricting direct 
water contact (2000 h in symmetric cells; 99.998% 
capacity retention per cycle at 10 A g-1).[115] 
Polymer and inorganic interphases provide 
complementary routes to stabilize the highly exposed 
surface of Zn powders.  For example, poly (ethylene 
glycol) diacrylate (PEGDA) hydrogel layers 
immobilize free water through multidentate hydrogen 
bonding, reducing the hydrogen evolution current 
density from 1.07 to 0.058 mA cm-2 at −0.1 V and the 
nucleation overpotential from 80 to 40 mV.[116] In 
contrast, inorganic interphases stabilize Zn powders 
mainly through physical or chemical passivation. Sun 
et al. demonstrated that a rapid chemical solution 
passivation generates a thin, dense oxide layer on Zn 
powder surfaces; the passivated anode cycles stably for 
100 h at 3 mA cm-2 and 3 mAh cm-2 with a depth of 
discharge of 41.3%.[117] Ning et al. formed a 
biomimetic "dragon-scale" phosphate-rich interface 
through sodium tripolyphosphate-mediated electrolyte 
regulation, where STPP coordinates with Zn2+ to enable 
in situ formation of a chemically grafted protective  
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Figure 6. (a) SEM images of the ZP-Grad electrode. (b) The finite element simulations of different electrodes during the Zn deposition 
process. (c) Schematic diagram of desirable bottom-up and dendrite-free Zn deposition behavior in ZP-Grad electrode.[109] Copyright 2025, 
Wiley-VCH GmbH. (d) Stabilized morphology and regulated Zn deposition in the soft-elastic polymer-modified Zn-P anodes during cycling 
and stable structure of stress-relieving Zn-P/P-A2@NH2 anode. (e) Cycling performance of Zn-P/P-A2@NH2 electrodes under 25 mA cm-2 
and 25 mAh cm-2.[124] Copyright 2025, Wiley-VCH GmbH. (f) Zn deposition mechanisms on flat and protrusive Zn surfaces. (g) Optical 
microscopy observation of hydrogen evolution on the Sn substrate. (h) Tafel plots demonstrate corrosion of Zn anodes in a 2 M aqueous 
ZnSO4 electrolyte. (i) Rate capability tests of Zn symmetrical cells based on the Zn foil and APS anodes.[128] Copyright 2025, American 
Chemical Society. 

layer (> 900 h at 8.8 mA cm-2; 60.8 mAh g-1 after 4000 
cycles at 10 A g-1).[118] 

As discussed in Section 4.1, effective interphase 
regulation requires balancing rapid Zn2+ transport with 
interfacial water suppression. For Zn powder anodes, 
this principle should be further extended to the 

particulate electrode level by considering compatibility 
with auxiliary components, interparticle connectivity, 
and mechanical stability. 

5.2.2 Engineering auxiliary components 

Auxiliary components play a critical role in 
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maintaining interparticle transport and structural 
integrity in powder-based electrodes. Conductive 
additives can function as active deposition regulators 
rather than passive electron-conducting fillers. Jin et al. 
incorporated nano-copper powder as a functional 
conductive medium to replace conventional carbon 
black; the zincophilic Cu not only enhances electronic 
conductivity but also provides uniform nucleation sites 
for homogeneous Zn deposition (170 h at 5 mA cm-2 
and 5 mAh cm-2; 81 Wh kg-1 at N/P = 4.3).[119] 

Polymer binders provide an additional means to 
couple Zn2+ regulation with mechanical stabilization. 
Wang et al. developed a diisocyanate-
polytetrahydrofuran-dihydrazide (DDP) binder inspired 
by protein structures; strong Zn2+ coordination 
capability and dense hydrogen-bond arrays enable a 
free-standing, current-collector-free electrode while 
repelling coordinated water molecules to inhibit side 
reactions (stable cycling at 5 mAh cm-2).[120] Lei et al. 
engineered a zincophilic-hydrophobic balanced binder 
combining polytetrafluoroethylene and carboxymethyl 
cellulose; PTFE creates a localized water-poor 
environment to suppress water-triggered side reactions 
while CMC provides zincophilic pathways for  
uniform Zn2+ transport (220 h at 50% utilization,  
6.6 mAh cm-2).[121] Extending beyond conventional 
binder formulations, Zheng et al. constructed a 
biomimetic quasi-skin-capillary structure using aramid 
nanofibers, in which the surface layer homogenizes 
Zn2+ flux and limits water contact, while the internal 
nanofiber network anchors Zn particles and provides 
selective ion-transport pathways, enabling stable operation 
even at 50 mA cm-2 with 195 mV overpotential.[122] 

More integrated designs further combine 
ionic/electronic transport, stress buffering, and 
interfacial regulation within a single auxiliary network. 
Zhang et al. constructed mixed ionic-electronic 
conducting scaffolds using carbon nanotubes and 
ethylene-vinyl acetate copolymer via tape casting, in 
which the CNT-EVA composite serves as both the 
conductive additive and the binder, establishing a dual-
conduction network that homogenizes Zn2+ ingress 
(100 h at 10 mA cm-2).[123] Qin et al. introduced soft-
elastic amino-functionalized polymer binders that form 
dynamically swelling 3D networks upon electrolyte 
infiltration, simultaneously mitigating internal stress 
through reversible volume expansion, reconstructing 
the Zn2+ solvation sheath to reduce free water content 
(Figure 6d), and preferentially adsorbing on Zn (002) 
planes to induce dense horizontal deposition. 
Benefiting from this design, the symmetrical cell 
operated > 2000 h at 25 mA cm-2 and 25 mAh cm-2; 
87.5% DOD (Figure 6e).[124] Liu et al. further 

developed a semi-liquid electrode using poly(ethylene 
glycol) as a dual-conductive medium for both ions and 
electrons combined with Super P. The colloidal 
dispersion exhibits shear-thinning rheological behavior 
that effectively releases plating stress and allows 
stripping/plating to occur throughout the entire 
electrode volume (2250 mAh cm-2 CPC at 5 mA cm-2; 
1000 mAh cm-2 at 10 mA cm-2).[125] 

These studies highlight that auxiliary components in 
Zn powder anodes should not be optimized solely for 
adhesion or electronic conductivity. Instead, they can 
simultaneously preserve ion-electron transfer, volume 
evolution, and maintain stable contact among Zn 
particles during repeated high-rate plating/stripping. 

5.2.3 Designing electrode architectures 

While particle modification and auxiliary-
component engineering address local interfacial and 
interparticle limitations, the overall performance of 
Zn powder anodes is ultimately governed by the 
electrode-scale architecture. Conventional slurry-cast 
Zn powder electrodes depend on discrete contacts 
between powders, which can lead to poor electronic 
connectivity and uneven current distribution during 
repeated plating/stripping. Electrode-level structural 
design therefore aims to improve particle connectivity 
and establish continuous ion-electron transport 
pathways. Wang et al. utilized powder metallurgy to 
fuse discrete particles into a three-dimensional 
continuous carbon network. Specifically, glucose-
derived carbon layers on Zn powder surfaces were 
interconnected through spark plasma sintering to form 
a built-in conductive scaffold that redistributes 
electric fields and provides zincophilic nucleation 
sites throughout the electrode bulk (> 880 h; 32 mV 
voltage hysteresis).[126] Du et al. hybridized 
commercial Zn powders with pristine graphene, where 
the self-assembled 3D graphene network 
simultaneously enhances interparticle adhesion and 
acts as an electric field redistributor (89 mV voltage 
hysteresis versus 349 mV for Zn foil; > 360 h at  
5 mA cm-2).[127] 

The electrode-current collector interface also 
critically determines the rate capability of powder-
based anodes. Xiao et al. proposed an artificial 
protrusion strategy (APS) using zincophilic tin as the 
current collector, mechanically embedding Zn powders 
to create protrusions that exploit Sn's low Zn nucleation 
overpotential and favorable hardness to guide 
horizontal Zn2+ diffusion rather than vertical dendritic 
propagation (Figure 6f).[128] Optical microscopy 
confirms that this smooth deposition effectively 
suppresses hydrogen evolution, with negligible bubble 
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formation (Figure 6g). Tafel analysis confirms the 
APS anode significantly reduces corrosion current 
density (0.77 vs. 3.85 mA cm-2 for bare Zn; Figure 
6h). Consequently, this design enables exceptional 
kinetics, sustaining a limiting current density of 40 mA 
cm-2 (Figure 6i). 

Three-dimensional printing enables precise spatial 
control over Zn distribution and electrolyte 
accessibility, creating geometrically optimized 
architectures specifically suited for fast-charging 
applications. Yang et al. constructed 3D-printed Zn 
scaffolds coated with a conformal ion-conductive 
hydrogel layer (3D Zn@ZAP); the 3D framework 
provides structural integrity and enlarged 
electrochemical surface area while the hydrogel 
coating promotes rapid Zn2+ transport along polymer 
chains (> 120 h at 30 mA cm-2 and 30 mAh cm-2).[129] 
Cao et al. functionalized 3D-printed Zn powders with 
a zinc methacrylate layer containing nucleophilic 
carbonyl groups that assist desolvation and homogenize 
ionic flux, achieving 1153 h at 20 mA cm-2 and  
20 mAh cm-2 and remaining stable for 222 h at  
30 mA cm-2.[130] 

Overall, powder-based architectures, especially 3D-
printed Zn anodes, are advantageous for extreme-rate 
and high-areal-capacity operation because their 
enlarged active area reduces the local current density, 
but this benefit is accompanied by higher interfacial 
reactivity, structural instability, and fabrication 
complexity. However, their complex fabrication may 
limit large-scale manufacturing. In contrast, Zn foils 
sacrifice part of this kinetic advantage for better 
structural continuity, processability, and mechanical 
robustness. Future designs should therefore integrate 
the high-rate kinetics of porous/powder architectures 
with the practical stability of foil-based electrodes. 

6. Synergizing wide ESW and 
low polarization 

At the macroscale, fast-charging failure occurs when 
accumulated polarization exhausts the electrolyte 
stability margin due to sluggish ion transport. Thus, 
XFC-oriented electrolyte design should balance ESW 
expansion with low transport resistance. Section 6 
compares solid-state electrolytes (SSE), quasi-solid-
state electrolytes (QSE), and advanced liquid 
electrolytes, with representative strategies and 
performance metrics summarized in Table 4. 

6.1 Solid-state electrolytes 

SSEs eliminate free water, thereby extending the 

ESW and suppressing HER-induced corrosion. 
However, the non-compact contact within the solid 
phase/the other solid phase interface and sluggish ion 
transport in the SSE often lead to high interfacial 
resistance, requiring tailored structural designs across 
polymer, inorganic, MOF, and composite materials. 

6.1.1 Polymer-based solid electrolytes. 

Solid polymer electrolytes (SPEs) rely on segmental 
chain motion for ion transport, yet the high charge 
density of Zn2+ promotes strong cross-linking with 
polar functional groups, yielding low ionic conductivity 
and transference numbers. To decouple Zn2+ from 
anionic traps, Sun et al. developed a bilayer 
poly(ethylene oxide) (PEO) electrolyte loaded with 
CALF-20 (a porous metal-organic framework) that 
preferentially binds CF3SO3 anions through 
electrostatic interactions.[131] This anion trapping 
weakens Zn2+-anion pairing and raises the Zn2+ 
transference number from 0.46 to 0.82, while the 
composite achieves an ionic conductivity of 10-2 S cm-1 
at room temperature. Paired with a MnO2 cathode, the 
full cell delivers 140 mAh g-1 with 93% capacity 
retention over 1000 cycles. 
Recently, Hou et al. embedded piezoelectric and 
ferroelectric CaBi2Nb2O9 nanosheets within a poly 
(vinylidene fluoride) (PVDF) matrix.[132] The 
ferroelectric polarization suppresses ion aggregation at 
the electrical double layer, reducing the interfacial 
potential from 22 to 9 mV, while the piezoelectric 
effect generates a built-in electric field that mitigates 
dendrite driving forces during Zn deposition. This 
electrolyte exhibits an ESW of 3.04 V, an ionic 
conductivity of 1.04 mS cm-1, and a Zn2+ Zn²⁺ 
transference number (tZn2+) of 0.55; Zn//PTO full cells 
sustain 2500 cycles   at   5C with 80% capacity 
retention.  Despite recent progress, organic SSE 
stability remains unsatisfactory, primarily due to 
insufficient mechanical strength for suppressing zinc 
dendrites. 

6.1.2 Inorganic-based solid electrolytes 

Inorganic solid electrolytes offer high mechanical 
rigidity and thermal stability, but high activation 
barriers to Zn2+ migration in crystalline lattices impede 
Zn2+ migration. Zhou et al. prepared a kaolin-derived 
solid electrolyte (KL-Zn) via zinc-ion exchange of 
natural mineral kaolin, creating enlarged interlayer 
spacing that facilitates a desolvation-free Zn2+ transport 
mechanism with an activation energy of only 23.1 kJ 
mol−1.[133] KL-Zn achieves an ionic conductivity of 
5.08 mS cm−1, a tZn2+ of 0.79, and an ESW of 2.73 V, 
with  Tafel  analysis  revealing  a low corrosion current  
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Table 4. Electrolyte strategies for balancing ESW and polarization. 

Electrolyte type 
Symmetric cells  Full cell 

ESW 
J 

(mA 
cm−2) 

QArea 
(mAh 
cm−2) 

Time (h) XFC 
regime Type Current 

density 
Cycle 

number 
Capacity 
retention 

(%) 

Solid-state 
electrolyte 

(SSE) 

ZGBC SSE[136] 0-2.66 V 1 1 1000 I MnO2 1 C 500 72.7 
HMIC SSE [137] 0-2.88 V 2 2 4500 II Zn|/ZGBC / NVO 0.1 A g-1 5000 96.1 

CAM‑Ag HOF SSE [135] 0-2.6 V 0.5 0.5 1600 I 
Zn/PBA 3 C 1000 100 

1 1 1000 I 
BSSE bilayer SSE [131]  1 1 1400 I Zn/MnO2 0.5 A g-1 1000 93 
CBN@PVDF SSE [132] 2.45V 1 1 1500 I Zn/PTO 5 C 2500 80 
Plastic-crystal SSE [138] 2.8 V 1 0.5 500 I Zn-MnO2 200 mA g-1 500  

Eutectic SSE [139] 2.85 V 8 8 1700 
III Zn-MnHCF 300 mA g-1 1200 90.4 

1 1 2000 
Mineral-derived SSE [133] 2.73 V 0.2 0.1 2200 I Zn/NH4V4O10 1 A g-1 500 93 

Metal halide SSE [134] 3.74 V 0.1 0.1 1100 I Zn/Ti 0.2 mA 
cm-2 200 90 

Quasi-
solid-state 
electrolyte 

(QSE) 

CN-PAM composite hydrogel 
[151] 2.48 V 1 1 3000 

II Zn/NVO 10 Ag-1 1000 92.6 
10 2.5 550 

Hierarchical-heterogeneous 
biogel [146] NR 1 1 1000 I Zn/AC 1 A g-1 10000 97.1 

Bio-inspired multifunctional 
hydrogel [142] NR 1 1 2400 I Zn/MnO2 10 A g-1 3000 62.7 

Bone-inspired sustainable 
hydrogel [150] NR 1 1 3500 

II Zn/NVO 5 Ag-1 2000 82.4 
5 5 2000 

Polyphosphonitrile derivative-
based gel [140] 3.0 V 1 1 10500 I Zn/VOH 1.5 Ag-1 2000 94.0 

HPG-35 wt % gel [168] 2.7 V 1 1 5500 I Zn/ZVO 0.7 Ag-1 2300 92 
Biomacromolecular hydrogel 

[147] 2.31 V 20 5 450 III Zn/ZVO 0.5Ag-1 400 92.4 
PAM/T[143] NR 1 1 1200 I Zn/KVOH 5 Ag-1 2000 87.2 

CarraChi Gel [148] 2.26 V 10 35 4000 III Zn/ZVO 200 mAg-1 200 84 
Biocompatible gel [145] 1.90 V 1 1 5500 I Zn/LiMn2O4 1C 1000 82 

Crowded zwitterionic hydrogel 
[141] 2.1-2.6 V 1 1 1200 I Zn/PANI 3 Ag-1 1000 85 

CPAM-based hydrogels [149] 2.92 V 1 0.5 7000 I Zn/Zn0.25V2O5 40 Ag-1 2000 80 
Gradient hydrogel [144] 2.6V 1 1 2500 I Zn/V2O5 2 Ag-1 500 91 

Novel 
liquid 

electrolyte 

Deep eutectic co-solvent 
(DES)[153] 2.4 V 10 10 1000 III Zn/VS2 0.5 Ag-1 500 85.4 

Zn(OTF)2-Diethylene glycol 
(DEG)[169] 2.7 V 2 1 900 I Zn/PANI 8 Ag-1 1700 85 

Ternary eutectic [154] 2.7 V 4 2 140 
II  

Zn/PANI 5 A g-1 5000 88.5 
0.5 0.1 3000 

Microemulsion [39] 3.52 V 1 0.5 4800 I Zn/NaV3O8 1 A g-1 1000 78.5 
Lysine pentapeptide [157] NR 2 2 10000 II Zn/Polypyrrole/MnO2 2 A g-1 4000 78.1 
Silk fibroin additive [170] NR 2 2 200 II Zn/V2O5·nH2O 1 A g-1 1000 95 

Stevia (ST)[165] NR 5 5 2300 II Zn/VO₂ 2 A g-1 1000 100 
Cellulose succinate ester 

(CSAE)[166] 2.3 V 1 1 3666 I Zn/MnO2 5 A g-1 4000 79.75 
Emim+-TFA⁻/OTf⁻-Zn2+-H2O 

[161] NR 1 1 2500 I Zn/VO2@VO 10 Ag-1 3000 75 
Separated [162] NR 0.2 0.2 2500 I Zn/V2O5 2 A g-1 3000 52 

Self-adaptive [163] NR 1 1 1350 I Zn/V2O5 2C 553 80 
ZnSO4 and Zn (ClO4)2

[171] NR 0.5 0.5 3600 I Zn/NaV3O8 2 C 900 93 
MTE [164] 2.53V 2 2 1100 II Zn/NVO 0.2C 300 71 

Amphiphile confined water [152] 2.73V 10 10 2100 III Zn/KFeMnHCF 5 A g-1 15000 78.4 
ZSA [155] NR 2 0.5 1400 I Zn/PDAN 1 A g-1 7500 71.6 
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Note:  
(1) Zinc ion solid-state electrolyte (ZGBC SSE); hydrated metal-organic ionic cocrystal solid-state electrolyte (HMIC SSE); cyanuric 

acid-melamine-silver hydrogen-bonded organic framework solid-state electrolyte (CAM-Ag HOF SSE); bilayer solid-state electrolyte 
(BSSE bilayer SSE); CaBi2Nb2O9/poly(vinylidene difluoride) solid polymer electrolyte (CBN@PVDF SSE); plastic-crystal solid-
state electrolyte (plastic-crystal SSE); eutectic solid-state electrolyte (eutectic SSE); mineral-derived solid-state electrolyte (mineral-
derived SSE); zinc-based metal halide solid-state electrolyte (metal halide SSE); graphitized carbon nitride/polyacrylamide composite 
hydrogel (CN-PAM composite hydrogel); gelatin/alginate hierarchical-heterogeneous biogel electrolyte (hierarchical-heterogeneous 
biogel); bio-inspired multifunctional hydrogel network (bio-inspired multifunctional hydrogel); bone-inspired Zn-doped 
hydroxyapatite/gelatin hydrogel electrolyte (bone-inspired sustainable hydrogel); polyphosphonitrile derivative-based gel electrolyte 
(polyphosphonitrile derivative-based gel); poly(ethylene glycol) methyl ether methacrylate/N-hydroxyethyl acrylamide hydrogel with 
35 wt% water (HPG-35 wt% gel); electrogelated recyclable biomacromolecular hydrogel electrolyte (biomacromolecular hydrogel); 
polyacrylamide/trehalose hydrogel (PAM/T); kappa-carrageenan/chitosan gel (CarraChi Gel); hyaluronic acid-based biocompatible 
hydrogel electrolyte (biocompatible gel); crowded zwitterionic hydrogel electrolyte (crowded zwitterionic hydrogel); single-walled 
carbon nanotube-embedded polyacrylamide hydrogel (CPAM-based hydrogels); gradient hydrogel electrolyte (gradient hydrogel); 
acetamide-caprolactam deep eutectic co-solvent (DES); zinc trifluoromethanesulfonate (Zn(OTf)2)-diethylene glycol electrolyte 
(Zn(OTF)2-diethylene glycol (DEG)); dual-metal-salt-derived ternary eutectic electrolyte (ternary eutectic); microemulsion electrolyte 
(microemulsion); tailored lysine pentapeptide (LP); silk fibroin additive (SF); stevia (ST); cellulose succinate ester (CSAE); 1-ethyl-3-
methylimidazolium trifluoroacetate/zinc trifluoromethanesulfonate-water electrolyte (Emim+-TFA-/OTf--Zn2+-H2O); self-phase-
separated electrolyte (SPSE); self-adaptive electrolyte (self-adaptive); decoupled dual-salt electrolyte based on zinc sulfate and zinc 
perchlorate (ZnSO4 and Zn(ClO4)2); multi-tentacle electrolyte (MTE); amphiphile-confined water electrolyte (ACW); 5-sulfosalicylic 
acid group-coordinated zinc salt (ZSA). 

(2) XFC regime is classified using current-density/areal-capacity framework; for strategies reported under multiple symmetric-cell 
conditions, the highest reached regime is used: 

Regime I, fundamental evaluation (j<5 mA cm-2 and Qareal ≤1 mAh cm-2); 

Regime II, moderate fast charging (j≤10 mA cm-2 and Qareal≤5 mAh cm-2);  

Regime III, single-factor XFC-relevant stress (j>10 mA cm-2 or Qareal>5 mAh cm-2 or DODZn≥10%);  

Regime IV, coupled high-current/high-areal-capacity XFC-relevant condition (j>20 mA cm-2 and Qareal>5 mAh cm-2). 

 
density of 0.03 mA cm−2. On a different front, Hu et al. 
proposed a composition engineering strategy for hybrid 
metal halide electrolytes, synthesizing C4N2H12ZnBr4 
(PipZnBr4) where organic piperazine cations replace 
inorganic A-site cations to construct Zn2+ migration 
channels between [ZnBr4]2− units and organic 
cations.[134] PipZnBr4 delivers an ionic conductivity of 
2.9 × 10-4 S cm-1 at 25 °C, a tZn2+ of 0.61, and an ESW 
of 3.74 V; the assembled Zn//I2 full cell delivers  
234.5 mAh g-1 after 200 cycles. 

6.1.3 MOF-based solid electrolytes 

Metal-organic frameworks (MOFs) and hydrogen-
bonded organic frameworks (HOFs) offer tunable 
pore structures and abundant surface sites, yet 
conventional crystalline frameworks often lack 
continuous conduction pathways. Li et al. transformed 
cyanuric acid-melamine into a hydrogen-bonded 
organic framework solid electrolyte (CAM-Ag) by 
incorporating Ag-N coordinate bonds.[135] This crystal 
transformation shortens the hopping distance between 
Zn2+ sites from long-range to adjacent-site hopping, 
reducing the migration energy barrier from 0.33 to 

0.26 eV. CAM-Ag exhibits an ionic conductivity of 
1.14 × 10-4 S cm-1, a tZn2+ of 0.72, an ESW of 2.66 V, 
and a corrosion current density of 0.028 mA cm-2; the 
Zn//MnO2 full cell delivers 315 mAh g-1 with 72.7% 
capacity retention over 500 cycles. Departing from 
conventional divalent Zn2+ carriers, Xu et al. designed 
an amorphous MOF (ZGB-MOF) enriched with O-
Ga-Cl polyanion clusters.[136] The polyanion 
environment of Ga3+ promotes the formation of 
monovalent ZnCl+ carrier groups, slashing the ion 
transport energy barrier to 0.12 eV and yielding an 
ionic conductivity of 5.2 × 10-3 S cm-1 with the tZn2+ 
of 0.873. The electrolyte displays an ESW of 2.88 V, 
and the Zn//ZnHCF full cell shows robust rate 
capability up to 4 A g-1. 
6.1.4 Other composite-based solid electrolytes 

Composite strategies that integrate multiple transport 
mechanisms offer a promising route to break the 
conductivity-stability trade-off. Hong et al. developed a 
hydrated metal-organic ionic cocrystal (HMIC, Zn-
4IMI1-3) featuring a solvent-assisted hopping 
mechanism along grain boundaries (Figure 7a).[137] 
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Crystal engineering strengthens host-guest interactions 
with anions and hydrogen bonding with surface water 
molecules, achieving a Zn2+ conductivity of 8.6 mS cm-1 
and the tZn2+ of 0.81 with an ESW of 2.6 V  
(Figure 7b). The strong water binding lowers the 
desolvation activation energy to 29.1 kJ mol-1, enabling 
Zn//PBA batteries to charge at 180 C (20 s) for over 
1000 cycles (Figure 7c) with 100% capacity retention 
from -30 to 30 °C. 

Zhao et al. developed a plastic-crystal electrolyte 
(ZPE) using the amphiphilic surfactant AOT. In this 
system, AOT molecules self-assemble into layered 
nanochannels, where their ionic headgroups maintain 
directional alignment while moving freely within the 
structure.[138] Within these nanochannels, heteroleptic 
coordination by water molecules frees Zn2+  
from anionic traps, yielding a conductivity of 2.2 × 
10−3 S cm−1, a tZn2+ of 0.73, an oxidation stability 
exceeding 2.8 V, and a Zn-Cu CE of 99.6%. 

Ling et al. developed a non-flammable polymer 
solid-state eutectic electrolyte (PSNE) via in situ 
polymerization of a ternary eutectic within an ETPTA 
framework.[139] Strong Zn2+-NMA coordination induces 
a high desolvation barrier, thermodynamically 
elevating the discharge voltage, while the cross-linked 
ETPTA matrix anchors solvent molecules to facilitate 
rapid ion conduction. Consequently, the PSNE 
achieves a high ionic conductivity (3.94 ×10-3 S cm-1), 
at Zn2+ of 0.60, and a 2.85 V stability window. 
Remarkably, it enables stable symmetric cell cycling 
for 1700 h at 8.0 mA cm-2 under a stringent 80% Zn 
utilization, yielding practical pouch cells with an 
energy density of 50 Wh kg-1. 

For XFC, the advantage of SSE lies in strong water 
suppression and a wide ESW, whereas sluggish Zn2+ 
transport may generate additional polarization. 
Therefore, the key is not to maximize ESW alone,  
but to balance stability margin with transport 
resistance. 

6.2 Quasi-solid electrolytes 

Quasi-solid hydrogel electrolytes retain aqueous-
level ionic conductivity while confining water within 
polymer networks to suppress HER and extend the 
ESW.    However, the    hydrophilic    gel    backbone 
inherently impedes Zn2+ transport, and the trade-off 
between ionic conductivity and mechanical robustness 
remains a fundamental challenge for fast-charging 
operation.[140] Strategies to address these issues are 
systematically categorized by material platform: 
biopolymer-based, synthetic polymer-based, and 
nanomaterial-reinforced composite hydrogels. 

6.2.1 Synthetic polymer-based hydrogels 

Synthetic polymer networks enable precise control 
over pore architecture, crosslinking density, and 
functional groups to balance ion transport with 
mechanical stability under high current densities. Wang 
et al. synthesized a crowded zwitterionic hydrogel 
electrolyte via free-radical polymerization of 
sulfobetaine methacrylate (SBMA).[141] The inner-salt 
structure of the polySBMA matrix promotes Zn2+ 
dissociation and transport along polymer chains. Maltose 
simultaneously bridges polymer chains via hydrogen 
bonding while crowding salt species, thereby inducing 
anion-polymer interactions and further reducing contact 
ion pairs and solvation water. The resulting electrolyte 
achieves an ionic conductivity comparable to its liquid 
equivalent, an ESW of 2.6 V, and stable Zn utilization 
up to 57% DOD at high rates (5 A g-1) down to -60 °C. 

Synthetic polymer frameworks also allow the 
incorporation of functional additives for targeted 
property modulation. Trehalose, a naturally abundant 
disaccharide, forms robust hydrogen bonds with PAM 
chains, filling network imperfections and enhancing 
mechanical strength and water retention. Yang et al. 
reported a PAM/trehalose gel achieving 100 kPa 
strength and 5338% stretchability with strong 
interfacial adhesion; the flexible Zn//MnO2 pouch cell 
cycles for 2400 h with 98.8% CE.[142] 

Wang et al. extended this platform by exploiting 
trehalose cryoprotective properties to enable wide-
temperature operation from -15 to 50 °C, achieving 
87.2% capacity retention after 2000 cycles at 5 A g-1.[143] 
Pushing the environmental boundary further, Han et al. 
designed a polyphosphonitrile derivative gel 
incorporating low-melting-point methanol co-solvents 
and in situ gelation using a fireproof phosphonitrile 
monomer; the resulting electrolyte achieves a 99.75% 
Coulombic efficiency over 6500 cycles and an ultra-
wide operating window from -70 to 80 °C.[140] 

Beyond homogeneous networks, structural gradients 
can be engineered to decouple the conductivity-
mechanics trade-off. Zhou et al. leveraged the 
Hofmeister effect to design a concentration-gradient 
hydrogel electrolyte (CGHE) comprising polyvinyl 
alcohol and hydroxyethyl cellulose with spatially 
varying acetate concentrations.[144] The high-acetate 
layer facing the Zn anode suppresses water activity and 
HER, while the low-acetate bulk maintains ionic 
transport. This gradient architecture achieves a high 
Zn2+ transference number of 0.88 and a mechanical 
strength of 1.7 MPa, guiding uniform Zn (002) 
deposition while suppressing HER through localized 
reduction in water activity (2500 h; 99.1% CE). 
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Figure 7. (a) Schematic diagram of the solvent-assisted ionic transport mechanism in HMIC-based electrolytes. (b) Comparison of Ea, 
tZn2+, and Zn2+ conductivities of Zn-1IMI1-3, Zn-2IMI1-3, and Zn-4IMI1-3. (c) Long-term cycling performance of Zn/PBA cell with Zn-
4IMI1-3 at 20 s charge time.[137] Copyright 2025, National Academy of Sciences. (d) Schematic illustration of fast ion transport through 
SWCNT channels in cPAM and tortuous ion transport in conventional PAM. (e) ESW of PAM and CPAM. (f) Long-term cycling 
performance of symmetric Zn/Gel/Zn cells under 20 mA cm-2.[149] Copyright 2025, The Authors. Published by AAAS. (g) The cross-
sectional TEM image, high-resolution TEM image and presentation of the dual-layer SEI. (h) Rate performance of symmetric batteries. (i) 
Pouch cell cycling with VOPO4·2H2O mass loading of 22.5 mg cm-2.[156] Copyright 2023, Springer Nature. (j) Electrochemical set-up used to 
assess the effect of charge-induced phase separation on HER suppression. (k) Working principle of the self-adaptive electrolyte during fast 
charging.[163] Copyright 2025, Springer Nature. 

6.2.2 Biopolymer-based hydrogels 

In contrast to petroleum-derived synthetic polymers, 
whose monomers and crosslinkers often contain toxic 
chemicals, raising biosecurity concerns, natural 
polysaccharides and proteins offer inherently 

sustainable, biodegradable alternatives with abundant 
hydrophilic functional groups that anchor free water 
and suppress corrosion. Li et al. developed a 
hyaluronic acid hydrogel electrolyte leveraging its 
ample -OH and -COOH groups; the -COOH groups 
coordinate with Zn2+ to modulate the solvation sheath 
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and regulate nucleation thermodynamics, while the -
OH groups form hydrogen bonds with free water 
molecules to reduce interfacial water activity and 
inhibit HER.[145] The electrolyte achieves a CE of 
99.71% and sustains Zn plating/stripping for 250 h at 
80% DOD, while the Zn//LiMn2O4 pouch cell retains 
82% capacity after 1000 cycles at 3C. 

Wang et al. alternatively constructed a hierarchical-
heterogeneous biogel electrolyte (GTA) from gelatin, 
tannic acid, and alginate [146], where in situ crystallized 
gelatin triple helices within alginate domains provide 
temperature-triggered adhesion and high toughness. 
Moreover, the GTA exhibits a high Zn2+ transference 
number and temperature-independent ionic 
conductivity, enabling rate cycling with a smaller 
overpotential from 1 to 20 mA cm-2. 

On the practical front, Huang et al. employed 
electrogelation to fabricate thin-film biomacromolecular 
hydrogel electrolytes (as thin as 50 μm) with 
simultaneously high mechanical strength (2.0-4.4 MPa) 
and ionic conductivity (10.1-19.5 mS cm-1).[147] The 
electrolyte achieves 99.83% CE over 2800 cycles and 
supports practical Zn-metal batteries with an aerial 
capacity of 5.4 mAh cm-2 at N/P = 1.1, highlighting the 
potential of sustainable biopolymer platforms for 
energy-dense applications. For large-format 
applications, Wang et al. formulated a carrageenan/ 
chitosan gel electrolyte in which sulfate groups on κ-
carrageenan chains crosslink with amino groups on 
chitosan to form a robust hydrogen-bonded network 
that immobilizes water molecules. This design enables 
an open-pouch cell configuration that releases 
hydrogen gas and permits electrolyte replenishment, 
delivering 0.9 Ah with 84% capacity retention after 200 
cycles and validating the practical scalability of 
biopolymer gel systems.[148] 

6.2.3 Nanomaterial-reinforced composite hydrogels 

Integrating functional nanomaterials into polymer 
matrices introduces additional ion-transport pathways 
and selective interfaces that transcend the limitations of 
pristine polymer networks, offering the most direct 
route to high-rate capability. Lin et al. embedded 
aligned single-walled carbon nanotubes (SWCNTs) 
within PAM hydrogels through photo-initiated in situ 
polymerization to create nanofluidic ion highways; the 
hydrophobic SWCNT channels induce partial 
desolvation of [Zn(H2O)6]2+ during passage  
(Figure 7d), expanding the ESW from 2.87 to 2.92 V 
(Figure 7e) while reducing the Zn2+ migration 
activation energy by 43% and doubling the ionic 
conductivity to 30.3 mS cm-1.[149] The SWCNT/PAM 
gel maintains structural integrity at 50 mA cm-2 and 

enables Zn//Zn cells to operate stably for 250 h at  
20 mA cm-2 (Figure 7f). Similarly, Peng et al. 
incorporated Zn-doped hydroxyapatite (Zn-HA) 
nanofibers into a gelatin matrix to establish dual Zn2+ 
transport channels.[150] The phosphate groups within the 
HA crystal lattice create low-energy-barrier Zn2+ 
transport pathways via site-to-site hopping, while 
surface hydroxyl groups anchor free water to suppress 
side reactions. The Zn-HA superionic conductor 
delivers an ultrahigh ionic conductivity of 32.5 mS cm-1 
with a Zn2+ transference number of 0.80, achieving a 
CPC of 5 Ah cm-2 at 5 mA cm-2/5 mAh cm-2 with 
82.4% full-cell capacity retention after 2000 cycles. Liu 
et al. introduced alkali-etched graphitic carbon nitride 
(g-C3N4) nanosheets as multifunctional crosslinkers and 
structural templates within PAM networks; the OH-rich 
g-C3N4 induces polymerization through multi-point 
hydrogen bonding, constructing a homogeneously 
porous composite hydrogel with an ionic conductivity 
of 22.21 mS cm-1 and a Zn2+ transference number of 
0.80.[151] The CN-PAM gel achieves stable cycling for 
550 h at 10 mA cm-2/2.5 mAh cm-2, and the Zn//NVO 
full cell maintains 92.6% capacity retention after 1000 
cycles at 10 A g-1. 

Notably, although QSEs significantly improve 
cycling stability compared to SSEs, their tolerance to 
high currents remains insufficient, as excessive 
crosslinking has a strong coordination effect with Zn2+ 
and increases transport resistance. Their XFC 
performance therefore depends on balancing stability 
with rapid ion conduction. 

6.3 Novel liquid electrolytes 

While solid and quasi-solid electrolytes suppress 
water activity through physical confinement, novel 
liquid systems retain rapid aqueous ion transport 
through increasingly multifunctional electrolyte 
designs. Recent advances span nanoscale water 
confinement, deep-eutectic and microemulsion 
systems, peptide-based electrolytes, and dynamically 
phase-separated or self-adaptive concepts. Zheng et al. 
constructed an amphiphile-confined water electrolyte in 
which n-alkanols with hydrophilic hydroxyl heads and 
hydrophobic tails reorganize the aqueous phase into 
nanometric water channels approximately 1.8 nm in 
size.[152] This decouples cation transport from the inert 
amphiphile matrix, yielding a Zn2+ transference number 
of 0.79 and enabling a Zn//KFeMnHCF full cell to 
retain 78.4% capacity over 15000 cycles while 
delivering 68.4 mAh g-1 even at -60 °C. 

A promising route to broaden the ESW while 
preserving liquid-state kinetics is to introduce 
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molecular co-solvents that restructure the bulk 
hydrogen-bond network and displace water from the 
Zn2+ coordination sphere. Wang et al. formulated a 
deep eutectic electrolyte from acetamide (donor) and 
caprolactam (acceptor). [153] The donor-acceptor pair 
reorients bulk hydrogen bonds away from water, 
lowering the HER onset potential by over 200 mV. The 
electrolyte achieves a CE of 98.37% and sustains 
symmetric cell cycling for 1000 h at 10 mA cm-2 and 
10 mAh cm-2. Li et al. extended this co-solvent concept 
by introducing lithium bis(trifluoromethanesulfonyl) 
imide as a supporting salt into a Zn(OTf)2-N-
methylacetamide matrix.[154] The supporting salt with 
weak lattice energy not only induces the reconstruction 
of intermolecular interactions to form ion pairs and ion 
aggregates but also tailors the Zn2+ solvation structure 
and SEI. Departing from neutral co-solvents, Wang et 
al. developed an organometallic chelated electrolyte by 
reacting zinc oxide with 5-sulfosalicylic acid (SA). The 
resulting Zn(SA)(H2O)4 complex uses SA as an organic 
coordinating co-solvent that displaces water from the 
inner solvation shell.[155] The highest occupied 
molecular orbital and lowest unoccupied molecular 
orbital (LUMO-HOMO) gap of Zn-SA is lower than 
that of Zn-water. At the same time, LUMO (which 
accepts electrons for reduction) is localized on the SA2- 
ligand, lowering the coordinated water activity and 
widening the cathodic stability limit. Ji et al. further 
combined the co-solvent strategy with a high-
concentration overall design, resulting in a 
concentrated chloride hybrid electrolyte with dimethyl 
carbonate.[156] The concentrated Cl- coordinates Zn2+ to 
displace water from the solvation shell, while DMC 
lowers bulk Hammett acidity. Notably, DMC does not 
merely act as an inert solvent; it decomposes in situ to 
participate in SEI formation, yielding a dual-layered 
structure with an organic-rich outer layer and an 
inorganic ZnS/ZnCO3 inner layer (Figure 7g). This co-
solvent-mediated high-concentration architecture can 
endure the current density of 10 mA cm-2 (Figure 7h) 
and enables a practical pouch cell to deliver 100 Wh 
kg-1 over 500 deep cycles (Figure 7i). 

Manipulating the configurational entropy of the 
electrolyte provides an alternative strategy for spatially 
confining water activity. Xia et al. introduced an oil-in-
water microemulsion system that spontaneously forms 
an oil-rich layer at the electrode interface, expanding 
the ESW to 3.52 V.[39] Liu et al. constructed a 
thermodynamically stable colloid dispersion electrolyte 
from tailored lysine pentapeptides.[157] The peptide 
attracts water molecules to achieve Zn2+ desolvation 
while guiding (002)-plane deposition, enabling 
ultralong symmetric cell cycling exceeding 10, 000 h. 

Targeted interfacial engineering provides localized 
stabilization that directly suppresses HER and lowers 
polarization under high-rate operation. Wang et al. 
demonstrated a localized hydrogen-bond docking 
strategy using polyhydroxy hexitol.[158] Each hexitol 
molecule bears six pairs of hydrogen-bond donors and 
acceptors that preferentially adsorb onto the Zn surface 
in a parallel configuration, reconstructing interfacial 
hydrogen-bond networks. This targeted interfacial 
modification increases the proportion of weak 
hydrogen bonds among water molecules from 12.36% 
to 15.51%, suppressing proton transport via the 
Grotthuss mechanism, while the lower-lying LUMO of 
hexitol diverts electron density away from coordinated 
water. Consequently, the electrolyte achieves a 
Coulombic efficiency of 99.8% and extends symmetric 
cell lifespan beyond 5000 h. Transitioning from 
hydrogen-bond regulation to concentration-field 
engineering, localized high-concentration electrolytes 
achieve interfacial anion enrichment without the 
viscosity penalty of bulk high-concentration systems. 
Yang et al. introduced ammonium phosphotungstate 
(APT) as a trace diluent-like additive; the oversized 
[PW13O40]3- polyoxoanion remains outside the Zn2+ 
primary solvation shell but electrostatically repels OTf- 
into the solvation sheath, increasing contact ion pairs 
and creating a local anion-rich environment that 
promotes Zn2+ desolvation and induces a uniform 
anion-derived SEI.[159] Similarly, Huang et al. 
constructed a self-assembled localized high-
concentration environment using zwitterionic co-solute 
C10, where amphiphilic molecules spontaneously form 
~3.8 nm quasi-spherical aggregates that enrich 
Zn2+/OTf⁻ at the interface via zwitterionic effects while 
establishing bilayer ion-conducting channels within the 
electric double layer.[160] Hence, the C10 system 
delivers 1200 h at 5 mA cm-2 with 42.7% depth of 
discharge. Yang et al. leveraged gradient chaotropic 
regulation by designing an ionic-liquid-based aqueous 
electrolyte in which chaotropic anions spontaneously 
enrich at the Zn anode interface to form a hydrophobic 
yet salt-philic gradient layer.[161] This interfacial 
gradient simultaneously enables dendrite-free zinc 
deposition and antifreeze operation, with full cells 
maintaining nearly 100% capacity retention over 3500 
cycles at -40 °C. 

The electrolyte that dynamically adapts its 
composition in response to charging conditions is also 
an effective strategy. Conventional attempts at such 
decoupling rely on membranes or metastable layering, 
which suffer from trans-phase diffusion during stirring 
or rollover, compromising long-term stability. Zhao et 
al. addressed this by developing a self-phase separated 
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electrolyte (SPSE) grounded in thermodynamic 
screening of Hildebrand solubility parameters and 
dielectric constants.[162] N, N-dimethyltrifluoroacetamide 
(FDMA) was identified as the hydrophobic nonaqueous 
solvent; its moderate dielectric constant and large 
Hildebrand parameter disparity relative to water drive 
spontaneous demixing into an aqueous phase (A phase, 
ZnSO4-based) and a nonaqueous phase (N phase, 
FDMA-rich). Crucially, the phase boundary remains 
thermodynamically stable against stirring and aging, 
unlike prior metastable decoupling systems. Molecular 
dynamics simulations and SANS confirm the 
spontaneous emergence of a sharp interface. 
Consequently, the corrosion current density drops to 
0.08 mA cm-2. Zhao et al. developed a self-adaptive 
electrolyte formulated at the cloud point of a ternary 
salt-solvent system.[163] During charging, solvent 
separation dynamically redistributes oxidation-resistant 
components toward the cathode and reduction-resistant 
components toward the anode (Figure 7j), broadening 
the ESW in real time as overpotential rises  
(Figure 7k). Decoupled electrolyte architectures 
extend this logic further by independently tailoring the 
anolyte and catholyte to maximize their respective 
stability windows, though practical integration remains 
at an early stage. 

Finally, bio-inspired and biomass-derived electrolytes 
offer sustainable pathways to interfacial stabilization. 
Wang et al. designed a multi-tentacle electrolyte in 
which multi-tentacle salts and organics form extensive 
hydrogen bonds to confine water movement without 
increasing viscosity.[164] This enables stable Zn cycling 
at -40 °C with 99.99% capacity retention per cycle over 
1000 cycles at a high areal capacity of 3.4 mAh cm-2. 
Wang et al. further exploited a biomimetic anchor-
capture effect using stevia, a natural multidentate 
additive that simultaneously anchors onto the Zn surface 
to reconstruct interfacial hydrogen bonding and captures 
Zn2+ to suppress 2D diffusion.[165] Li et al. introduced a 
sustainable biomass electrolyte prepared via 
mechanochemistry from microcrystalline cellulose and 
succinic anhydride. Carboxyl and hydroxyl groups 
synergistically shield the Zn anode, enabling the 
Zn//MnO2 full cell to retain 79.75% capacity after 4000 
cycles at 5 A g-1.[166] 

Among the three electrolyte platforms, SSEs largely 
sacrifice the intrinsic advantages of aqueous 
electrolytes by removing or strongly restricting water, 
while their high transport resistance further limits XFC 
capability. QSEs provide a compromise between water 
confinement and ion transport, but the resistance of gel 
networks remains difficult to reconcile with extreme-
rate operation, and highly conductive designs often 

require more complex material architectures. In 
comparison, liquid electrolytes remain the most 
practical platform for XFC because they preserve rapid 
aqueous ion transport while allowing the ESW and 
interfacial stability to be tuned through solvation and 
interfacial regulation. Therefore, the key is not to 
maximize the nominal ESW, but to retain a sufficiently 
wide usable stability margin without sacrificing fast ion 
transport. 

7. Related equations 
(1) Depth of discharge (DOD) 

The full-cell DOD is calculated based on the rated 
capacity: 

actual discharge capacity 100%
theoretical capacity

DOD = ×  

However, distinct from the full-cell DOD, the 
formula for the zinc foil anode is defined as follows: 

100%
0.585

yDOD
x

= ×  

where x is the zinc foil thickness (in μm)，y is the 
zinc areal capacity utilized in the electrochemical 
testing (mAh cm-2). This formula is based on the 
theoretical volumetric capacity of zinc (approximately 
5855 mAh cm-3), calculating the DOD as the ratio of 
the actual discharge capacity to the theoretical capacity. 

(2) Cumulative plating capacity (CPC) 

The cumulative plate capacity before failure (CPC = 
sum Ccycle) should be universally adopted as a core 
metric for assessing commercial viability. 

(3) Electrolyte-to-Capacity Ratio (E/C Ratio) 

/ electrolyte

cell

V
E C

C
=  

Where Velectrolyte is the volume of the injected 
electrolyte (μL), and Ccell is the total nominal capacity 
of the cell (mAh). 

(4) System-Level Energy Density (Ecell) 

To ensure that fast-charging capabilities do not come 
at the severe expense of overall energy density, Ecell 
(Wh kg-1) must be calculated based on the total mass of 
all active and passive components within the cell 
packaging, rather than solely relying on the mass of the 
cathode active material: 
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The total cell mass (Mtotal) is strictly defined as: 
total Cathode Zn _ anode electrolyte separator packing        M M M M M M= + + + +  
This comprehensive calculation explicitly accounts 

for the necessary inclusion of excess zinc (N/P 
constraints) and the realistic electrolyte inventory. 

(5) Negative-to-positive capacity ratio (N/P ratio) 

The N/P ratio quantifies the excess of the zinc anode. 
It is calculated as: 

,

,

 
/

 
zn th zn

cathode pr cathode

m C
N P

m C
×

=
×

 

Where: mZn and mcathode are the areal mass loadings 
of the zinc anode and cathode active material (mg cm-2), 
respectively. 

Cth, Zn is the theoretical specific capacity of zinc  
(820 mAh g-1). 

Cpr, cathode is the practical specific capacity delivered 
by the cathode (mAh g-1). 

8. Outlook 
The development of fast-charging AZIBs is entering 

a stage where isolated material modifications are no 
longer sufficient. Future progress requires scale-
resolved design rules that directly target the 
polarization cascade identified in this Review: 
suppressing polarization generation at the 
molecular/interface level, limiting polarization 
amplification at the electrode level, and delaying 
polarization-induced failure at the full-cell level. Based 
on this framework, the following directions are 
particularly important for transforming laboratory-scale 
fast-charging zinc anodes into practical batteries. 

8.1 From empirical modification to scale-resolved 
design rules 

At the microscale, the priority is to suppress the 
initial generation of polarization by clarifying and 
regulating the RDS of Zn2+ desolvation. Zinc-ion 
desolvation is a multi-step process. However, most 
current studies rely heavily on static theoretical 
calculations of binding energy or desolvation energy, 
which cannot fully capture transient interfacial states 
under high-current conditions relevant to XFC. 
Drawing inspiration from electrocatalysis on H2O 
splitting (e.g., HER and OER), [167] future efforts must 
identify and manipulate the absolute RDS. This 
requires moving beyond reaction theoretical 
calculations by applying advanced in situ 

characterizations to capture transient reactive 
intermediates during rapid charge transfer (Figure 8a). 

At the mesoscale, the key task is to prevent 
microscopic polarization from being amplified into 
nonuniform deposition. Zn foils and Zn powders 
should be viewed as complementary electrode 
architectures with distinct failure modes. Dense Zn 
foils provide mechanical continuity and lower 
corrosion exposure but suffer from high local 
nucleation polarization, whereas Zn powders reduce 
local current density through larger active surface area 
but introduce interparticle heterogeneity, structural 
expansion, and contact instability. Future electrode 
design should integrate foil stability with the flux-
buffering capability of porous or powder-like 
architectures, such as hierarchical current collectors, 
3D frameworks, and so on (Figure 8a). 

At the macroscale, the central challenge is to delay 
polarization-induced failure by preserving a usable 
aqueous stability margin. Future electrolyte and cell-
level design should therefore shift from maximizing the 
nominal ESW to preserving a usable stability margin 
under fast-charging polarization. Rather than 
evaluating electrolyte stability in isolation, future 
studies should quantify how the stability window 
evolves during repeated XFC cycling with limited Zn, 
lean electrolyte, and high cathode loading. The 
practical target is to maintain a sufficient polarization 
margin before water decomposition or interfacial 
failure is triggered under full-cell operation  
(Figure 8a). 

Beyond individual scale optimization, artificial 
intelligence (AI)-assisted cross-scale modeling could 
accelerate the discovery of practical fast-charging 
systems. Current theoretical methods are often 
fragmented: DFT calculations to compute desolvation 
barriers or COMSOL simulations to model dendrite 
propagation. However, practical cell failure emerges 
from the coupling among these scales. Machine 
learning and predictive models should therefore be 
used to connect molecular descriptors, interfacial 
kinetic parameters, electrode architecture, and cell-
level degradation. Such models could identify hidden 
correlations between desolvation energy, nucleation 
overpotential, local current density, electrolyte 
resistance, and CPC, enabling predictive design rather 
than trial-and-error optimization (Figure 8b). 

8.2 Scale-resolved evaluation protocols bridging 
Zn-anode testing and practical XFC AZIBs 

High-rate  Zn-anode  performance  is often evaluated  
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Figure 8. (a) Future development direction across microscopic, mesoscale, and macroscopic scales. (b) AI-driven framework. (c) 
Application outlook targeting specific scenarios where XFC AZIBs may be applied. 

under permissive conditions, such as thick Zn foils, 
excess electrolyte, and low cathode loading, which may 
mask polarization-induced degradation and 
overestimate practical relevance. Therefore, XFC 
evaluation should bridge anode-level behavior under 
XFC-relevant conditions with practical full-cell 
performance. 

At the microscale, evaluation should determine 
whether a strategy suppresses the generation of 
polarization by accelerating Zn2+ transport, desolvation, 
and interfacial charge transfer while limiting parasitic 
reactions. Relevant descriptors include desolvation 
activation energy, Zn2+ transference number (tZn2+), 
nucleation overpotential, HER tendency, corrosion 
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current, and interfacial resistance evolution. Based on 
Tables 1-5, ensuring initial kinetic stability under XFC 
conditions requires a low desolvation activation energy 
(Ea < 40 kJ mol-1) and a high Zn2+ transference number 
(tZn2+ > 0.6). At the mesoscale, evaluation should 
determine whether polarization amplification is 
controlled by local current-density distribution, local 
pH, deposition morphology and interface EDL. Key 
descriptors include current density, areal capacity, 
actual plating/stripping time, deposition morphology, 
dead-Zn formation, and CPC. Based on Tables 1~4, 
mesoscopic evaluation must reach at least Regime III 
(J > 10 mA cm-2 or Qareal > 5 mAh cm-2). Under these 
conditions, a XFC Zn anode should deliver a CPC 
exceeding 1 Ah cm-2 to conclusively demonstrate 
sustained dendrite suppression and interface stability 
under massive ionic flux. 

At the macroscale, evaluation should determine 
whether these microscopic and mesoscopic 
advantages can be maintained in practical full cells. 
Required descriptors include cathode loading, Zn 
thickness or Zn excess (DODZn), N/P ratio, cell-level 
energy density and pouch-cell validation. To bridge 
the gap to practical viability (Tables 1~4), XFC full 
cells must operate under strict material constraints: a 
deep DODZn (> 30%), a low N/P ratio (< 3). The 
detailed mathematical formulations are summarized in 
Section 7. 

To avoid conflating high-current Zn-anode testing 
with true full-cell XFC capability, we propose a two-
level evaluation protocol comprising XFC-relevant 
anode and full-cell XFC performance metrics for pouch 
cells. 

(1) For Zn-anode-level evaluation: Testing must 
transcend small-area coin cells by utilizing scaled-up 
electrodes (> 10~20 cm2) with restricted Zn foil 
thicknesses (≤ 30-50 µm). Evaluation should rely on 
aggressive areal testing parameters ( j > 10 mA cm-2 
and Qareal > 5 mAh cm-2), the anode should safely 
sustain a deep DODZn (> 30%) and push the CPC 
beyond 20 Ah. 

(2) For full-cell level evaluation: Building on the 
anode baseline, Ah-scale pouch cells must operate 
under rigorous constraints: high cathode loading, N/P 
< 3, and E/C < 10 µL mAh-1. Device-level targets 
must fundamentally stem from the intrinsic 
thermodynamic limits of specific cathode chemistries. 
Taking the Zn//MnO2 system as an example, its 
practical full-cell energy density is 50~80 Wh kg-1. 
Mathematically (P = E/t), injecting 80% of the 
targeted energy density within 15 min demands a 
continuous power output equivalent to Ptarget ≥3.2 × 

Etarget. Therefore, for a Zn//MnO2 pouch cell (80 Wh 
kg-1), its power density of at least 256 W kg-1 can 
satisfy the XFC requirement. 

(3) Beyond standardizing internal evaluation, 
establishing independent third-party certification 
platforms is critical for validating the true commercial 
viability of AZIBs. Exceptional performance metrics, 
including the ultra-high-rate cycling stability of pouch 
cells, should be rigorously tested in a blind manner 
using identical temperatures, hardware fixtures, and 
cell assembly protocols. This verification process will 
minimize selective data reporting and propel the 
transition of fast-charging zinc batteries from 
fundamental laboratory research to trusted industrial 
applications. 

8.3 Potential application 

The ultimate evaluation of any energy storage 
technology lies in its practical utility. Rather than 
pursuing universally flawless systems, 
commercialization efforts must target specific 
application scenarios. Lithium-ion batteries dominate 
in energy density but pose severe thermal runaway 
risks under XFC. Redox flow batteries are 
intrinsically safe but suffer from low energy density 
and high structural complexity, necessitating 
circulating pumps and bulky reservoirs. Furthermore, 
lead-acid batteries are limited by their toxicity and 
poor high-rate performance. In contrast, AZIBs strike 
an exceptional balance between economic viability 
and safety. This balance is underpinned by their high 
theoretical volumetric capacity (5855 mAh cm-3), 
resource abundance, and the use of intrinsically safe 
aqueous electrolytes. With appropriate strategies, 
XFC AZIBs may become competitive candidates for 
safe, low-cost, and high-power energy-storage 
scenarios (Figure 8c): 

(1) Industrial logistics and heavy machinery: For 
high-frequency operations, including forklifts and 
automated guided vehicles in ports, the fast-charging 
capability of AZIBs significantly minimizes 
operational downtime. This characteristic establishes 
them as a sustainable, high-power alternative to 
traditional lead-acid batteries. 

(2) Data centers and uninterruptible power supply 
(UPS) for AI computing: The rapid expansion of 
artificial intelligence computing generates 
instantaneous power spikes (step-loads) that severely 
stress data center grids. Functioning as high-rate UPS 
systems, AZIBs can instantaneously deliver massive 
power pulses to bridge these gaps and prevent critical 
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data loss. More importantly, their intrinsic aqueous 
safety effectively eliminates the fire hazards associated 
with deploying high-power lithium-ion battery banks in 
dense computing environments. 

(3) Grid-scale storage and frequency regulation: 
Stabilizing grid frequency requires energy storage 
systems capable of rapidly absorbing or discharging 
massive power surges within seconds. The ultrafast 
kinetic response of AZIBs aligns with these high-
frequency power-switching demands. Combined with 
their low levelized cost and high safety, AZIBs can 
serve as highly responsive grid buffers, alleviating the 
complex thermal management burdens inherent to 
large-scale lithium-based utility storage. 

In summary, by integrating AI-assisted 
computational design with rigorous, standardized 
evaluation metrics and independent certification, XFC 
aqueous zinc batteries are poised to unlock their full 
kinetic potential. By maintaining safety under extreme 
currents, AZIBs may play an important role in the next-
generation energy storage landscape. 

9. Conclusion 
Overall, this Review establishes a cross-scale 

framework for understanding fast-charging AZIBs by 
linking the generation, amplification and failure 
consequences of polarization under XFC conditions. At 
the microscale, sluggish Zn2+ desolvation and charge-
transfer kinetics create an ion-electron transport 
mismatch; at the mesoscale, nonuniform ion flux and 
uneven deposition magnify polarization; at the 
macroscale, the limited ESW converts accumulated 
overpotential into parasitic reactions and capacity loss. 
By organizing desolvation regulation, electrode-
architecture design and electrolyte engineering within 
this scale framework, we clarify the central 
contradictions that constrain rapid and reversible 
AZIBs. Future advances should move beyond isolated 
performance optimization toward mechanism-guided, 
application-relevant design, enabling AZIBs to better 
leverage their intrinsic safety and cost advantages 
under XFC conditions. 

Table 5. Distribution of XFC-regime validation across different strategy categories. 

Scale Original 
table Strategy category No. of 

strategies IV, n (%) III, n (%) II, n (%) I, n (%) Note 

Microscopic Table 1 
SEI structure and 

composition regulation 6 1 (16.7%) 3 (50.0%) 1 (16.7%) 1 (16.7%) SEI regulation shows 
slightly stronger high-

severity validation 
than solvation 

regulation. 
Liquid electrolyte solvation 

structure 9 1 (11.1%) 4 (44.4%) 2 (22.2%) 2 (22.2%) 

Mesoscopic Table 2 

Activating zinc foils 7 0 (0.0%) 3 (42.9%) 4 (57.1%) 0 (0.0%) Powder anodes are 
more relevant to 

practical high-loading 
XFC cells; foil 

activation is more 
uniformly validated at 
moderate/high rates. 

Consolidating zinc powder 
anodes 19 1 (5.3%) 3 (15.8%) 6 (31.6%) 9 (47.4%) 

Macroscopic 
 Table 3 

Solid-state electrolyte (SSE) 8 0 (0.0%) 1 (12.5%) 1 (12.5%) 6 (75.0%) Electrolyte strategies 
mainly serve as 
stability/safety 

enablers; Regime IV 
validation is still 

absent. 

Quasi-solid-state electrolyte 
(Q-SSE) 13 0 (0.0%) 2 (15.4%) 2 (15.4%) 9 (69.2%) 

Novel liquid electrolyte 15 0 (0.0%) 2 (13.3%) 5 (33.3%) 8 (53.3%) 
Microscopic 

summary Table 1 All microscopic strategies 15 2 (13.3%) 7 (46.7%) 3 (20.0%) 3 (20.0%) Overall XFC-
validation maturity 

follows: microscopic > 
mesoscopic > 
macroscopic 

Mesoscopic 
summary Table 2 All mesoscopic strategies 26 1 (3.8%) 6 (23.1%) 10 (38.5%) 9 (34.6%) 

Macroscopic 
summary Table 4 All macroscopic/electrolyte 

strategies 36 0 (0.0%) 5 (13.9%) 8 (22.2%) 23 (63.9%) 
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